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ABSTRACT  
Isotropically conductive adhesives (ICAs) and inks are potential candidates for low 
cost interconnect materials and widely used in electrical/electronic packaging 
applications. Silver (Ag) filled ICAs and inks are the most popular due to their high 
conductivity and good reliability. However, the price of Ag is a significant issue for 
the wider exploitation of these materials in low cost, high volume applications such 
as printed electronics. In addition, there is a need to develop systems compatible 
with temperature sensitive substrates through the use of alternative materials and 
heating methods. Copper (Cu) is considered as a more cost-effective filler for 
ICAs and in this work, Cu powders were treated to remove the oxide layer and 
then protected with a self-assembled monolayer (SAM). The coating was found to 
be able to limit the re-oxidation of the Cu micron particles. The treated Cu 
powders were combined with one of two different adhesive resins to form ICAs 
that were stencil printed onto glass substrates before curing. The use of 
conventional and microwave assisted heating methods under an inert atmosphere 
for the curing of the Cu loaded ICAs was investigated in detail. The samples were 
characterised for electrical performance, microstructure and shrinkage as a 
function of curing temperature (80 – 150 °C) and time. Tracks with electrical 
conductivity comparable to Ag filled adhesives were obtained for both curing 
methods and with both resins. It was found that curing could be accelerated 
and/or carried out at lower temperature with the addition of microwave radiation 
for one adhesive resin, but the other showed almost no absorption indicating a 
difference in curing mechanism for the two formulations.  
 
One of the major barriers to the implementation of Cu filled ICAs is the poor 
oxidation resistance of Cu particles. Copper (II) oxide is non-conducting and 
hence, the conductivity of untreated Cu filled ICAs is limited. In this work, the 
effects of different SAM coatings were also investigated. The artificial thermal 
aging of octanethiol [OT, HS-(CH2)7-CH3] and octadecanethiol [ODT, 
 iii 
 
HS-(CH2)17-CH3] SAMs on Cu micron particles was investigated. The oxidation of 
Cu as well as the oxidation of the thiolate group to sulfonate was observed, for 
which the rate was strongly dependent on the hydrocarbon chain length and the 
aging temperature used. Better oxidation protection could be achieved using an 
ODT rather than OT SAM. The aged Cu powder was combined with an adhesive 
resin to form ICAs to further investigate the influence of the oxygen content of the 
Cu filler on the resistivity. It was found that resistivity remained stable for low 
levels of Cu(I) oxide, but increased significantly when the oxygen level increased 
further.  
 
Metal nano inks are also widely used in electronic packaging applications, where 
they are seen as suitable candidates for preparing conductive traces in printed 
circuits. In this case, Cu is also considered as a cost-effective alternative to Ag 
and with greater abundance. To increase the uptake of Cu nano inks, alternative 
methods of sintering were investigated. Microwave heating and conventional 
heating under an inert atmosphere were used. Compared to conventional heating, 
lower sintering temperatures (more than 100°C lower) and shorter processing 
times (~ 50% less) were achieved with microwave heating of Cu nanoparticles. 
The Cu nanoparticle tracks were characterised for microstructure and electrical 
performance.  
 
Key words: conductive adhesives, copper nano inks, microwave processing, resin 
curing mechanisms, sintering, conductivity, interconnects  
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Chapter 1  
1. INTRODUCTION 
1.1. Research background 
1.1.1. Printed electronics  
Printed electronics have been identified as one of the most promising 
technologies for electronic applications. The market for printed electronics, 
including organic, inorganic and composite materials, was estimated at $1.2 billion 
in 2007, with an expected growth to $48.2 billion by 2017 [1]. For electrical and 
electronic manufacturing, the priorities are to improve the performance, reduce 
cost and increase the packaging density whilst maintaining or improving the 
reliability [2]. Printed electronics are currently widely used for radio frequency 
identification (RFID) tags, data storage and flexible display [3-5].  
 
1.1.2. Conductive adhesives and printing inks  
Printed electronics is becoming increasingly widespread and relies heavily on the 
use of metal filled inks and adhesives to form circuit patterns for applications such 
as printed circuit boards (PCBs) [6] and interconnections [7] (shown in Figure 1-1). 
Inks based on metal nanoparticles have become popular due to the flexibility of 
ink-jet deposition, however there is substantial interest in the use of conductive 
inks and adhesives based on micron size metal particles and flakes for 
high-volume, low cost applications due to their high volume fraction of functional 
materials and ability to be screen or stencil printed. Electrically conductive 
adhesives (ECAs) are generally lead-free and capable of delivering low 
processing temperature (150 °C) and a short processing cycle (within 1 hour) 
making them suitable replacements for solder in many applications. ECAs have 
been used in a variety of applications such as interconnect material for flip-chip 
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assembly, smart cards and liquid crystal displays (LCD). Growing interest in ECAs 
has taken place recently due to their low temperature processing characteristics, 
since many electrical components are sensitive to heat and cannot maintain 
functionality after high temperature processing, especially above 200 °C [8].  
 
 
Figure 1-1 Schematic illustration of (a) Metal filled ECAs for component attachment; (b) 
Stencil printed Cu filled ECA tracks and (c) Metal flake filled ECAs 
 
Micron particle filled ECAs and inks mainly consist of organic / polymeric binder 
matrices and metal fillers. The conductive fillers provide the electrical properties 
and the polymeric matrices provide the physical and mechanical properties [9]. 
There are two types of ECAs: anisotropically conductive adhesives (ACAs) and 
isotropically conductive adhesives (ICAs). For ACAs, the solids loading is lower 
than a 25% volume fraction [8] and they are designed to only provide conductivity 
along the vertical (Z-) direction while not conducting in the horizontal (X-Y) plane. 
For ICAs on the other hand, the solids loading is higher than 25% by volume and 
they provide conductivity in X-, Y- and Z- directions. For printed electronics, ICAs 
and inks are of particular interest for forming conductive tracks and / or 
interconnections to components. Most commercial ICAs are based on thermoset 
resins. Thermoset epoxies are by far the most common binders because of their 
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excellent adhesive strength, good chemical and corrosion resistance and low cost 
[8]. In typical ICAs the metal fillers are suspended in a non-conductive adhesive 
which upon curing brings the particles together to make electrical contact between 
them. Silver (Ag), gold (Au), nickel (Ni) and copper (Cu) are widely used metal 
fillers in ICAs, with Ag being by far the most widely used / filled [10].  
 
To form a conductive pattern from micron sized particle adhesives, the conductive 
particles must be consolidated to create a continuous percolated path for the 
conduction of electric current. ICAs achieve electrical conductivity during the 
polymer curing process which is thought to be caused by shrinkage of the polymer 
binder that presses the metal particles together enabling electrical contact [9]. In 
this case, it is important that there is a low resistance electrical contact between 
the particles and is the reason that Ag has been widely used, as the surface oxide 
that forms on the particles is electrically conductive and enables reliable contacts 
to be made. Therefore, with increasing cross-linking density of ICAs, the 
shrinkage of the polymer matrix increases leading to improvement of conductivity 
[8]. 
 
1.1.3. Conductive nano inks  
The metal fillers used in ICAs are based on micron sized particles or flakes. 
Conductive nano inks on the other hand, contain nano sized particles that in many 
cases are metallic. Digital printing of conductive nano inks can be employed to 
fabricate cost effective, high quality features on a variety of substrates for a wide 
range of electronic applications [11]. More importantly, the size of these features 
can be on the order of millimetres, microns or even submicron dimensions. Nano 
inks were used in about 83% of printed electronics products in 2007 [1] and are 
found in PCB, medical and photovoltaic (PV) applications, along with displays 
including LCD and touch screens. In all cases, the ink is expected to demonstrate 
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good printability, resolution and the printed pattern must show good adherence 
with the substrate and satisfactory durability in temperature, humidity and working 
conditions.  
 
Nano inks are comprised of a liquid vehicle which determines the basic printing 
properties of the ink (such as viscosity and printability) and a well dispersed or 
dissolved component which provides the desired functionalities (such as 
conductivity) [11]. The most widely used commercial conductive nano inks are 
based on Ag nanoparticles, for which the conductivity is obtained through a 
sintering process that allows the nanoparticles to join together and form a 
conductive path. Sintering is defined as ‘a process in which distinct particles in a 
powder weld together and interdiffuse with each other at a temperature below 
their melting point’ [11]. Metallic nanoparticles are expected to have a significantly 
reduced melting point and sintering temperature relative to their bulk micron 
counterparts [12]. In a nanomaterial, each chemical bond that an atom shares with 
a neighbouring atom provides cohesive energy. The cohesive energy (Ec) per 
atom of a nanoparticle has been theoretically calculated as a function of the 
particle size:  
 
Ec =  Eb × (1 −
d
D
)…………1-1 
where Eb is the cohesive energy per atom of the bulk material, d is the atomic size 
and D is the nanoparticle size [13]. When a nanomaterial has a particle size that 
approaches d, Ec is significantly reduced compared to the bulk. Ec is directly 
related to the thermal energy required to free the atom from the solid (i.e. melting). 
Therefore, small particle size nanomaterials may require less thermal energy to 
undergo melting compared to the bulk material (i.e. exhibit lower melting 
temperature). These have led to possibilities for utilisation with 
temperature-sensitive substrates, such as low-cost plastics, for particular 
applications.  
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1.1.4. Challenges and opportunities for printed electronic interconnects 
As mentioned above, the most widely used metal filler for ICA applications is Ag 
flakes. However, the relatively high cost of Ag is becoming a barrier to many 
high-volume, low cost applications and much interest has developed in the use of 
Cu filled materials as an alternative. However, the non-conductive oxide that 
forms on Cu surfaces leads to poor stability of resistance under high temperature 
and high humidity conditions and makes direct substitution difficult.  
 
Similarly, the most widely used metal nanoparticle for conductive nano ink 
applications is Ag due to its high conductivity and high reliability. However, Ag 
nanoparticles carry a premium price [11] which is too expensive to promote wide 
development for commercial applications. As a result, Cu based conductive nano 
inks have also become one of the most promising alternatives if the same issue of 
oxidation as seen for micron powders can be avoided.  
 
For the application of ICAs and conductive nano inks, a thermal processing step is 
usually required. The heating step can be accomplished by conventional (furnace 
or hot plate) heating, laser exposure and microwave radiation [11]. For 
convenience, conventional curing has been widely used, especially for Ag based 
ICAs where exposure to air does not degrade the conductivity. The processing 
temperature is therefore a crucial factor for their future use. A reduction of the 
curing temperature of ICAs and the sintering temperature of nano inks can open 
up the possibility of fabricating these materials on low cost, temperature sensitive 
substrates and reduce the energy cost during processing.  
 
Microwave processing of polymers, polymer composites and particulate metals 
has been studied as an alternative to conventional thermal processing. Microwave 
heating (shown in Figure 1-2) involves direct energy deposition throughout the 
material. The unique volumetric microwave heating mechanism allows selective, 
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homogeneous, faster and more controllable heating compared with conventional 
heating [14]. Microwave heating takes place through dipolar interactions between 
molecules and an alternating electrical / magnetic field. Therefore, energy transfer 
depends on the oscillations of the free electrons and dielectric properties of the 
material rather than the thermal conductivity of the material alone. In addition, this 
directly increases the entropy of the system at each molecular dipole site which 
causes more rapid collisions of reacting molecules at a lower bulk temperature of 
the material [15]. Thus, lower processing temperature and shorter processing time 
can be achieved by microwave processing without compromising the final 
properties of the products.  
 
 
Figure 1-2 Schematic diagrams of conventional and microwave heating 
 
1.2. Aims and objectives 
The research presented in this thesis aimed to investigate the possibility of using 
microwave heating to reduce the processing temperature of Cu filled electronic 
interconnects. This would make them suitable for temperature sensitive 
substrates allowing the substitution of expensive Ag fillers with relatively low cost 
Cu fillers for ICA and nano ink applications. The electrical characteristics, 
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microstructure and the fundamental heating mechanisms of both Cu filled ICAs 
and Cu nano inks were investigated in detail. The methodology used to undertake 
this research is based on experiments performed under different processing 
methods, particle size variations of the metallic constituents, surface coatings, 
heating conditions, etc.  
 
Due to the presence of oxide layers on the surface of the metal particles, the 
conductivity of Cu filled ICAs and Cu nano inks is limited and sintering of Cu nano 
inks can be affected. To enable curing / sintering of Cu filled ICAs and Cu nano 
inks before significant re-oxidation occurs, surface coatings of Cu particles are 
investigated in detail and the utilisation of microwaves is examined to assist the 
processing of metal filled ICAs and nano inks.  
 
Therefore, the major objectives of this research project were:  
 Protection of Cu micron particles against oxidation using a coating  
 Fabrication of printed Cu tracks by stencil printing of Cu filled ICAs (Cu micron 
size particles mixed with epoxy resins)  
 Fabrication of Cu nano inks / pastes (Cu nanoparticles mixed with solvents)  
 Evaluation of conventional / microwave processing of stencil printed Cu tracks  
 Compare and contrast the results obtained using different materials and 
processing methods (using detailed characterisation techniques)  
 
1.3. Structure of the thesis 
The thesis addresses a specific challenge in printed electronics and demonstrates 
the use of an oxide protection coating for Cu particles and microwave heating as a 
novel processing method for Cu filled ICAs and Cu nano inks. There are 9 
chapters in this thesis:  
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 The background to this research is introduced in Chapter 1, along with aims 
and objectives.  
 Chapter 2 provides a literature overview of the prior work related to this 
research.  
 Chapter 3 reports the coating method used in this research to protect Cu 
micron particles effectively under ambient conditions.  
 Chapter 4 presents the work on fabrication of Cu filled ICAs using the 
protected Cu micron particles and the general conventional processing 
methods to obtain conductive Cu tracks, along with a benchmark Ag filled 
commercial material.  
 In Chapter 5, the research on Cu micron particle filled ICAs with different 
compositions is presented in detail and the results of experiments involving 
both conventional and microwave curing of the ICAs are also discussed 
thoroughly.  
 Different chain length SAM coatings were applied on Cu micron particles and 
the correlation between the surface oxidation level of the Cu and the resistivity 
of Cu filled ICAs is discussed and explained in Chapter 6.  
 Chapter 7 reports some initial research on conventional and microwave 
processing of Cu nanoparticles and indicates their possible applications in low 
cost, large scale manufacturing such as printed electronics.  
 Chapter 8 summarises and draws conclusions from the results and 
achievements of this research, and finally, potential tasks for further work are 
outlined in Chapter 9.  
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Chapter 2  
2. LITERATURE REVIEW 
In this chapter, the previous research on conduction mechanisms in ICAs and 
nano inks is reviewed together with the range of filler materials and adhesives 
employed. As Cu metal fillers require protection to prevent oxidation, these are 
reviewed first to provide background for the following sections. After considering 
the composition of the materials, the curing methods are then reviewed with 
special emphasis on the use of microwaves. The scientific background relating to 
the microwave method together with recent studies regarding processing of 
polymers and / or metals by this technique are reviewed.  
 
2.1. Protection of Cu 
Cu based ICAs or nano inks are of an undisputed high level of attractiveness, as 
Cu is considered to be a cost-effective filler for conductive adhesives and inks 
compared to Ag for printed electronic interconnect applications. However, 
because of the high oxidation tendency of Cu powders / flakes, the original oxide 
layer needs to be removed to achieve conductivity after curing / sintering and the 
oxidation protection is a crucial procedure during Cu particle / flake paste 
preparation, storage and processing. Several approaches have been presented in 
the literature to remove the oxide coating and to then apply a protective barrier 
and these are reviewed in the following sub-sections. 
 
2.1.1. Organic molecule coatings  
Bare surfaces of metals tend to adsorb organic materials readily because these 
adsorbates lower the free energy of the interface between the metal and the 
ambient environment [16]. Self-assembled monolayers (SAMs) are organic 
Chapter 2                                                                          Literature Review 
10 
 
assemblies formed by adsorption of molecular constituents, usually from solution, 
onto the surface of a solid. SAMs have a significant influence on the stability of 
metal surfaces and can act as a physical barrier which decreases the reactivity of 
the surface atoms [17].  
 
2.1.1.1. Monolayers of organosulfur molecules  
2.1.1.1.1. SAM formation and structure  
Metallic surfaces with a face-centered cubic (fcc) crystal structure, such as Au 
[18-21], Ag [20-23] and Cu [20,21,24,25] can be functionalised by alkanethiolate 
SAMs with single molecule thickness. The alkanethiolate molecules comprise of a 
thiol functional group (-SH) attached to a methylene backbone which can have 
different chain length. The molecules attach to the metal surface and form a 
thiolate bond during functionalisation due to the chemical reactions between the 
metal and the sulfur atom of the thiol group. The attached thiol molecules arrange 
themselves so as to maximize the van der Waals interactions between the 
methylene chains [26]. The SAM layer that forms is very densely packed and acts 
as a barrier film and limits the penetration of oxygen, water and other chemicals 
that may react with the underlying metal [27]. Alkanethiolate SAMs can be applied 
onto Cu surfaces and it has been demonstrated that these SAMs protect the Cu 
against oxidation when stored at low temperature or under ambient conditions [28]. 
In most studies, alkanethiolate SAMs have been formed on Au (111) surfaces as 
Au is generally considered not to have a stable oxide [29] (although King [30] 
reported that a layer of Au2O3 which is stable under ultrahigh vacuum (UHV) with 
~ 20 Å thickness can be obtained by the oxidation of Au at 25 °C using an 
ultraviolet (UV) source and ozone). Therefore, its surface can be easily prepared 
by removing the physically and chemically absorbed contaminants [31]. For 
instance, alkanethiolate SAMs have been demonstrated on Au surfaces with 
improved wetting and adhesion properties [24,25]. The alkanethiolate / Au (111) 
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system has been widely studied to understand the SAM formation process. 
Kinetic studies of alkanethiol adsorption onto Au (111) surfaces have shown that, 
in relatively dilute solutions, two distinct adsorption kinetics can be observed [31]:  
 
 The initial fast step (equation 2-1) is described by diffusion-controlled 
Langmuir adsorption. The initial SAM formation on the clean Au surface 
only takes several seconds [25]. Its rate is governed by the Au surface 
and thiol head group reaction, which strongly depends on the thiol 
concentration. This reaction can be considered as an oxidative addition of 
the S-H bond to the Au surface, followed by a reductive elimination of the 
hydrogen [32].  
 
R − S − H + Aun
0 → R − S−Au+ ∙ Aun
0 +
1
2
H2…………2-1 
   
 The secondary slow step is described as a surface crystallisation process 
where the chains pack to form a dense structure. The kinetics of the 
second step relate to chain disorder, van der Waals interactions and 
surface mobility of the chains. In general, the included solvent is expelled 
from the monolayer after a sufficiently long adsorption time. However, in a 
few cases, incorporation of solvent was still observed after several days 
[25].  
 
Most thiol-derived SAMs supported on Ag or Cu surfaces show qualitative 
resemblance to the properties seen in assembly on Au [20,23,33,34]. However, 
the Ag or Cu surface is generally present in the form of a complex oxide which 
leads to adsorption of large amounts of contaminants. These may affect the 
structure of the SAM-metal interface significantly. As a result of the experimental 
difficulties, the surface chemistry of SAMs on Ag and Cu (especially Cu) remains 
incompletely understood [17]. Researchers [28,35,36] have reported that 
alkanethiolate molecules, such as octanethiol [OT, HS-(CH2)7-CH3] and 
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octadecanethiol [ODT, HS-(CH2)17-CH3] can be applied on Cu surfaces and have 
demonstrated that these SAMs acted as barrier films that protect the Cu against 
oxidation. The attached thiol molecules are arranged in a certain order with a 
particular angle φ  to the surface normal to maximize the van der Waals 
interactions between them [26]. Previous research [20] reported that for Ag or Cu, 
the angle is 12° for the SAM molecules with an even number of methylene groups 
(CH2) while the angle becomes -12° for the molecules with an odd number of 
methylene groups. The molecules orient themselves away from the metal surface 
and the methylene chains are located parallel to each other leaving the tail groups 
exposed in the ambient condition.  
 
 
Figure 2-1 Schematic diagram of a SAM (such as OT & ODT) formed on a Cu surface 
 
2.1.1.1.2. SAM barrier properties  
Ulman [31] reported that Ag surfaces with ODT monolayers could be kept in 
ambient conditions without tarnishing for many months, and that Cu surfaces 
coated with the same monolayer withstand nitric acid. Liu and Hutt [28,37] 
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focused on the oxidation protection of Cu foil surfaces with SAMs. The authors 
reported that by the adsorption of an ODT SAM onto the oxide free surfaces of Cu, 
the oxidation resistance of the metal can be significantly improved. A schematic 
diagram which summarizes the functionalisation procedure is shown in Figure 2-2. 
The authors also claimed that their process for depositing SAMs of ODT onto a Cu 
surface led to a surface with non-detectable oxygen inclusion. They also showed 
that samples which were stored in a freezer at -30 °C had no detectable oxidation 
even after 10 weeks. This was attributed to the greater ordering of the methylene 
chains at low temperature due to the limited disruption of van der Waals 
interactions. Therefore, the oxygen penetration was hindered even more 
effectively by the monolayer.  
 
 
Figure 2-2 Schematic diagram of Liu and Hutt’s SAM coating application procedure [28] 
 
Previous studies also claimed that the protection ability of SAMs can be reinforced 
by longer hydrocarbon chain length, due to the enhancement of the van der Waals 
interactions. Laibinis and Whitesides [35] investigated the rate of oxidation of Cu 
coated with alkanethiolate SAMs with different chain length under ambient 
conditions by X-ray photoelectron spectroscopy (XPS). The results showed that a 
difference of a factor of ~ 20 in the rate of oxidation of the underlying Cu can be 
observed between octanethiol (number of carbon atom = 8) and docosanethiol 
(number of carbon atom = 22).  
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Hutt and Leggett [38] investigated the photooxidation of a range of alkanethiolate 
SAMs using XPS. The rate of photooxidation was found to vary strongly with 
hydrocarbon chain length and has been correlated with the amount of disorder 
within the monolayers. The authors also claimed that short-chain SAMs (number 
of carbon atoms ≤ 8) have the greatest disorder and oxidise the fastest, while 
close packed long-chain SAMs (number of carbon atoms ≥ 12) oxidise much more 
slowly (shown in Figure 2-3). Similar results were also obtained by Jennings et al 
[39] who reported that their infrared (IR) spectra suggested the eventual 
breakdown in protection for alkanethiol coatings is due to a structural 
transformation of the SAMs from a crystalline state to a less densely packed film 
that is much less effective as a barrier layer.  
 
 
Figure 2-3 Photooxidation rate constants as a function of monolayer thickness [38] 
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2.1.1.1.3. SAM thermal stability  
The thermal stability of alkanethiolate SAMs on Au surfaces has been investigated 
by many researchers. Hickman et al [40] reported loss of sulfur from 
hexadecanethiolate SAMs at around 170 – 230 °C measured using Auger electron 
spectroscopy (AES) and Nuzzo et al [41] reported that the desorption of 
methanethiolate SAMs happened at 220 °C. Jaffey and Madix [42] reported the 
desorption temperature of 2-methylpropanethiolate SAMs on Au is 200 °C in an 
ultra-high vacuum chamber with a base pressure of 8×10-11 Torr. These authors 
also observed a complete loss of surface sulfur from hexadecanethiolate SAMs 
on Au at 210°C, with some loss occurring at 100 °C.  
 
The thermal stability of alkanethiolate SAMs on Cu appears to be slightly lower 
than on Au. Schreiber [43] reported that alkanethiolate coatings on Cu desorb 
beyond 100 °C due to S–C cleavage and that weaker van der Waals interactions 
at higher temperature may also lead to weaker surface protection by SAMs. A 
similar temperature region was also found by Chandekar et al [44] and Li et al [45] 
who claimed that the decomposition and / or desorption temperature of ODT SAM 
is 110 °C ± 10 °C.  
 
2.1.1.2. Monolayers of alkanethiolate on highly curved surfaces  
The surface structure of alkanethiolate SAMs on micron sized metal particles 
should show qualitative resemblances to the structure obtained in assembly on 
planar substrates as the particle size of the micron powder is very much larger 
than the size of the SAM molecules. However, for nanoparticles, there is a higher 
percentage of regions where the surface construction changes from one face 
orientation to another (e.g. significant increase in surface area and surface 
defects for nanoparticles). Thermal gravimetric analysis (TGA) has suggested that 
small Au nanoparticles (< 4.4 nm) adsorb a higher density of alkanethiols per Au 
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atom (> 60 %) than an ideal, perfectly flat, single-crystal Au surface (33 %) [46]. 
This high coverage has been attributed to the occupancy of alternative binding 
sites such as edges and corners.  
 
2.1.1.3. Monolayers of organosilcon 
SAMs of alkyl silanes have been successfully prepared on a variety of surfaces 
including glass [47-50], aluminium (Al) [8,51] and Cu [51]. Compared to the 
monolayers of organosulfur, which can be applied directly on the bare metal 
surface, organosilicon on the other hand, requires hydroxylated surfaces as a 
substrate for the layer formation [31]. The mechanism for this self-assembly is the 
formation of Si–O–Si bonds, which connect the surface silanol groups (–SiOH) to 
the organosilicon molecule. Because of this, one of the drawbacks of silane SAM 
coatings on metals is the presence of oxides on the underlying metal surface 
which may lead to the reduction of the electrical properties. In the case of Au 
however, some researchers hypothesised that octadecyltrichlorosilane (OTS) can 
be assembled on the Au surface through a thin film of water [52,53].  
 
One of the major attributes for SAMs of alkyl silanes is surface modification 
including improvement of interfacial properties such as corrosion resistance 
[51,54], wetting [55,56], adhesion [54,57] and friction. Deflorian et al [51] 
investigated corrosion protection of Cu by 3-glycidyloxypropyltrimethoxysilane. IR 
analysis indicated that a uniform distributed silane layer can be obtained by dip 
coating and the authors claimed that the corrosion resistance in Na2SO4 solution 
(acidified to pH=3) of silane coated Cu was improved significantly.  
 
Matienzo et al [54] used the four point probe technique to measure the electrical 
resistance of uncoated or silane coated Al studs after storage at 85 °C and 80% 
relative humidity. The authors claimed that the silane treated samples showed 
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better electrical stability compared to uncoated samples due to better corrosion 
resistance. These results were also supported by Underhill and Duquesnay [58].  
Another application for SAMs of alkyl silanes is surface construction at the 
molecular level. Silane multilayer structures can be constructed through one 
monolayer attached on another which has been modified to reveal hydroxylated 
end groups, and the multilayer structure is further built up by repetition of this 
procedure (Figure 2-4). Such surfaces can be obtained by conversion from a 
non-polar terminal group to a hydroxyl group through appropriate chemical 
reactions [59,60].  
 
 
Figure 2-4 Construction of self-assembled multilayers [31] 
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2.1.2. Ag coatings  
2.1.2.1. Ag-coated Cu 
Cu particles / flakes display good bulk electrical conductivities but are susceptible 
to oxidation. Ag on the other hand, possesses excellent conductivity and reliability 
but is relatively expensive [61]. To overcome these problems, Ag-coated Cu 
particles have been explored. The Ag coating can be achieved by electroplating 
[62], electroless plating [63-66] and sputter coating [67]. Electroless plating is the 
most popular method due to its higher efficiency compared to the other two [65]. 
Ag coatings are generally more stable at temperatures when organic coatings 
start decomposing / desorbing.  
 
Hai et al [66] prepared Ag-coated Cu particles by an electroless plating method in 
NH4OH / (NH4)2SO4 solution at room temperature. A dense and uniform Ag 
coating was obtained by controlling the NH4OH / (NH4)2SO4 molar ratio, surface 
CuO removal and feeding rate of Ag+ (AgNO3) into the solution. Xu et al [65] 
reported that electroless Ag coating on fine Cu particles (~ 3.4 µm) was obtained 
using a similar method and the Ag-coated Cu thin film showed higher oxidation 
resistance with increasing Ag coating content at 150 °C aging. The authors 
claimed that the sheet resistance values of inks formulated using such particles 
after 24 h oxidation were lower than the initial values.  
 
Grouchko et al [68] obtained Ag coated Cu nanoparticles using hydrazine solution 
to reduce Cu2+ and then reduce Ag+ directly using Cu metal. Thermogravimetric 
analysis (TGA) confirmed that oxidation started at 187 °C. Lin et al [69] 
investigated the oxidation of Ag-coated Cu particles and flakes in conductive 
adhesives. The authors concluded that the Ag coating provided oxidation 
resistance at 175 °C for up to 2 h and that flake-shaped powders showed better 
conductivity due to the larger contact area than spherical powder.  
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2.1.2.2. Ag coating on other materials  
Instead of oxidation protection of Cu for electrical applications, Ag coating has 
also been applied for other applications. Agarwala [70] electroless deposited Ag 
coating on aluminium (Al) and aluminium alloys and observed a reduction in 
corrosion rate compared to uncoated Al and Al alloys. The author also claimed 
that after incorporation of graphite in Ag coatings by suspending graphite particles 
in the electroless plating bath, the wear rate of the modified Ag coating is about 
ten times lower than the initial Ag coating.  
 
Ag coating on semiconductor surfaces has been reported by Pol et al [71]. Ag 
nanoparticles with particle sizes of ~ 5 nm were deposited on the surface of 
preformed silica submicrospheres. Uniform coating of Ag nanoparticles was 
generated after ultrasound irradiation of the silica submicrospheres, with AgNO3, 
and ammonia in an aqueous medium for 90 min under a reducing atmosphere of 
Ar : H2 (95:5).  
 
Moon et al [72] applied an electroless Ag coating on rod-like glass particles to 
introduce electrical conductivity by reducing AgNO3 in an ammonia solution. 
Based on focused ion beam (FIB) analysis, a uniform and smooth Ag coated layer 
with thickness of 46 nm was obtained. They also showed that Ag nano particles 
can be formed and stabilised onto other non-conducting surfaces such as 
surface-grafted polystyrene (PS) microspheres. Chen et al and Caruso [73,74] 
reported that Ag nano particles of ~ 14 nm size were formed on a PS surface. The 
authors claimed that the mobility of the Ag nanoparticle coated microspheres was 
improved for catalytic chemistry applications.  
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2.1.3. Other surface coatings on Cu 
2.1.3.1. Surfactant and polymer coatings  
Oleic acid is one of the widely used coatings on Cu as lubricant, surfactant and 
oxidation protection agent. Yang et al [75,76] and Wen et al [77] showed that oleic 
acid was very efficient at preventing Cu nanoparticles (~ 30 nm) from 
agglomerating during chemical synthesis and from oxidation up to 110.5 °C.  
Polyvinyl-pyrrolidone (PVP) is another well-established polymer coating especially 
on Cu nanoparticles as surfactant and oxidation protection agent. Park et al [78] 
reported on the use of chemically synthesized surfactant-capped Cu 
nanoparticles using PVP as the capping molecule, for ink-jet printing, but good 
electrical conductivity could only be obtained after vacuum-sintering at 225 °C. Cu 
nanoparticles are metastable owing to the high percentage of surface area that 
causes them to be more readily oxidized in the ambient condition. Lee et al [7] 
showed that using chemical controlled reduction, the Cu nanoparticles were 
protected by PVP molecules and using XRD showed a significantly oxide-free, 
stable FCC Cu phase even after 20 days of storage in a vial under ambient 
conditions.  
 
Jeong et al [79] and Engels et al [80] evaluated the effect of PVP molecular weight 
on the Cu nanoparticle size and the thickness of surface oxide layer. It was found 
the minimum thickness of surface oxide with PVP coating was 1.6 nm, obtained 
using PVP with a molecular weight of 40000 g/mol. The authors claimed that the 
molecular weight of PVP had significant influence on the formation of surface 
oxide which was a predominant effect on the electrical conductivity. Yan et al [81] 
investigated using PVP coating as a protection agent for Cu nanoparticles which 
were then used for low temperature interconnection. The authors reported that no 
significant oxidation could be observed up to 140 °C for the thinly PVP coated 
nanoparticles. The concentrated Cu nanoparticles were then sintered in air at 
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170 °C while applying a pressure of 5 MPa and achieved a low resistivity of 
8.6×10-5 Ω·cm.  
 
Rathmell and Wiley [82] recently reported on Cu nanowires ~ 10 µm in length and 
~ 90 nm in width coated with PVP to prevent aggregation. The well-dispersed Cu 
nanowire ink made from these materials was then pipetted onto a polyethylene 
terephthalate (PET) substrate and spread with a Mayer rod to form a thin, uniform 
film (a Mayer rod is a stainless steel rod that is wound tightly with stainless steel 
wire, different diameter wire can be used, which will provide different film 
thickness). They then bent the substrate to determine the effects of tension and 
compression on conductivity. The PET substrate coated using treated Cu 
nanowires exhibited little change in sheet resistance after 1000 bends compared 
to a 400 times increase in sheet resistance after 250 bends for an indium tin oxide 
(ITO) film (shown in Figure 2-5).  
 
 
Figure 2-5 Plot of sheet resistance versus number of bends for Cu nanowire films and ITO on 
PET [82] 
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2.1.3.2. Carbon based materials  
Recently, carbon based materials (carbon and graphene) have been studied as an 
alternative coating to minimise the exposure of Cu nanoparticles to oxygen [83]. 
Chen et al [84] reported the growth of graphene on Cu foil by chemical vapor 
deposition (CVD) at 1040 °C under 5% H2 / CH4 atmosphere at 67 Pa. The Cu 
metal surface was well protected at 200 °C in air for up to 4 hours. Similar results 
were also obtained by Athanassiou et al [85] and Luechinger et al [86] who 
successfully in situ coated Cu nanoparticles (~ 50 nm in size) with protective 
shells of graphene (1 ~ 3 nm thick). Reducing flame synthesis under a N2 
atmosphere was used due to its high productivity and resulting high air stability 
and chemical inertness of the Cu nanoparticle core. The authors reported that by 
depositing graphene bi- or tri-layers on a Cu metal core, the graphene coated Cu 
can be fully protected up to 200 °C under ambient conditions and the electrical 
conductivity of the resulting inks was found to be five orders of magnitude lower 
than the bulk Cu.  
 
2.2. Electrically conductive adhesives  
The protected metal particles / flakes can be used as fillers suspended in a 
non-conductive adhesive to form electrically conductive adhesives (ECA). There 
are two types of ECAs: isotropically conductive adhesives (ICAs), which are 
conductive approximately equally in all directions, and anisotropically conductive 
adhesives (ACAs) which are only conductive in one direction. The difference 
between ICAs and ACAs is based on the percolation threshold, as shown in 
Figure 2-6. The percolation threshold (Pc) is defined as “a certain volume fraction 
where there is a high probability of conductive chains forming over large distance.” 
[87]. Pc depends on the shape and size of the fillers but is typically ~ 25 vol% for 
flakes which is ~ 80 wt% for Ag [88,9]. For spherical particles, the Pc is typically 
above 30 vol% [87].  For ICAs, the conductive filler content exceeds Pc providing 
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electrical conductivity in all directions, while for ACAs, the solid content is below 
the Pc providing electrical conductivity in one direction only (typically referred to as 
the z-direction). Near to Pc, the electrical conductivity of ICAs is highly dependent 
on the concentration of conductive filler. Research shows that the conductivity 
increases significantly above a critical filler concentration as the conductive 
particles contact each other and form a three-dimensional network. However, the 
conductivity only increases slightly with further increases in filler concentration 
[89,90]. In typical ICA formulations, the volume fraction of the conductive filler is ~ 
30 vol% [91,92].  
 
 
Figure 2-6 Typical percolation curve of conductive adhesives 
 
ICAs have been proposed in the electronics industry for a number of years for 
surface mount assembly as a replacement for solder to avoid the problem of 
solder joint cracking. ICAs offer numerous advantages including environmental 
compliance, reduction in manufacturing cost and fine-pitch capability. However the 
major limitations and challenges of ICAs are reliability, impact strength and low 
current-carrying capability [93,94]. Most ICAs are based on epoxy thermosetting 
resins that are hardened by applying heat. Generally, high strength ICAs are 
cured at 150 °C to 180 °C, while lower strength, highly elastomeric ICAs are cured 
at 80 °C to 160 °C [95]. Ag flake filled epoxies, cyanurate esters and polyimides 
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are some of the most popular ICAs [96]. To reduce cost, nickel (Ni) filled 
adhesives are sometimes used. Cu is also used as a filler metal but oxidation 
causes these adhesives to lose their conductivity [95].  
 
Nowadays, conductive inks based on metal nanoparticles have become popular 
due to the flexibility of ink-jet deposition, however there is also substantial interest 
in the use of conductive adhesives and inks based on micron scale metal particles 
and flakes for high-volume, low cost applications due to their good conductivity 
and ability to be screen or stencil printed [97].  
 
2.2.1. Polymeric matrices for ICAs 
Knowledge of the chemistry of the organic matrix is necessary to allow a 
comprehensive approach to some important aspects of the properties of ICAs 
such as pot life, shelf life, wetting properties, cure schedule, adhesive strength 
and long-term ageing behaviour [88,98]. Both thermoplastic and thermoset resins 
can be used for ICA applications and their properties are summarised in Table 2-1 
[9,99].  
 
Table 2-1 Polymeric matrix for ICAs 
 Thermoplastic  Thermoset  
 e.g. Polyimide resins  e.g. Epoxy resins  
Advantages   
 Re-workable 
 Repairable 
 Recyclable 
 Good chemical 
resistance 
 Low temperature 
processing  
 Good mechanical 
properties  
Disadvantages   High temperature 
degradation 
 Void formation due to 
solvent evaporation 
 Difficult to re-work 
and repair  
 Non-recyclable  
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To increase the shelf life through desirable latency at room temperature for ICAs 
containing epoxy resins, solid hardeners such as amine based molecules are 
widely used. The hardeners do not dissolve in the epoxy at room temperature but 
will melt when the temperature (normally 100 – 120 °C) approaches the curing 
temperature of the epoxy. The recommended curing temperature is 150 °C for 
many high strength epoxies because this is the maximum temperature that hybrid 
circuits generally encounter in either screening tests or actual operation [88]. A 
recent approach to achieve latency and fast cure is to employ an encapsulated 
imidazole in fine polymer spheres as a curing agent. Similar to solid hardeners, 
the encapsulated imidazole is only released at the curing temperature.  
 
Nearly all polymeric materials shrink during solidification. Even 100 per cent 
reactive adhesives, such as epoxies, with no formation of by-products during cure 
experience some shrinkage because their solid polymerised mass occupies less 
volume than the liquid reactants. The curing volume shrinkage of epoxies is 
typically 4 – 5 vol% [100]. This is one of the reasons for the great acceptance of 
epoxy resins as adhesive materials due to their low degree of shrinkage on cure 
relative to other reactive adhesives. For example, in general, polyester based 
adhesives have ~ 10 vol% shrinkage, however, they become brittle after curing 
compared to epoxies. The result of shrinkage is internal stresses at the 
adhesive-substrate interface and the possible formation of cracks and voids. This 
could be reduced by adding inorganic fillers [100], but if used in an ICA, this could 
affect the conductivity.  
 
ICAs with a higher Tg after curing have been shown to have good thermal 
resistance and better electrical conductivity stability during thermal cycling aging 
[88,101]. The electrical conductivity of ICAs is achieved through the formation of a 
continuous electrical path through the metal particles. Under thermal cycling 
conditions, shear strain is built up within the polymeric matrix especially when the 
temperature is approaching the Tg of the cured polymer, due to the viscoelastic 
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deformation. Keusseyan and Dilday [102] reported that in this case, the polymer 
matrix deforms to neutralize the shear strain leading to the movement of the metal 
particles and the changing of the contact point between the adjacent metal 
particles. In addition, the polymer may flow into the area left behind by the moving 
particles. When the direction of the shear strain is reversed during thermal cycling, 
the metal particles return to the original place however, it is now partially covered 
with the non-conducting polymer material. Thus, the electrical conductivity of the 
ICA is decreased.  
 
Moisture absorption also influences the electrical conductivity. Antoon and 
coworkers [101,103] show that moisture in polymer composites is harmful to both 
electrical and mechanical properties of polymer laminates including delamination, 
increased internal stress due to matrix swelling and void formation and corrosion 
of metal filler (formation of metal oxide layer).  
 
2.2.2. Curing mechanisms of epoxies  
As epoxies are the most common resins used in ICAs, the following sections 
describe the common curing mechanisms. Epoxy adhesives are chemical 
compounds used to join components by providing a bond between two surfaces 
[100]. Commercial epoxy adhesives are composed primarily of an epoxy resin and 
a curing agent. Various additives and modifiers are added to the formulation to 
provide specific properties. Epoxy adhesives are typically either single-component, 
heat curing adhesives or multiple-component adhesives that cure at either room 
or elevated temperature. Epoxy resins are capable of reacting with various curing 
agents or with themselves (via a catalyst) to form solid, crosslinked materials with 
considerable strength and adhesion [100].  
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2.2.2.1. Polyaddition reactions  
When the curing is based on the reaction of the epoxy molecule and other kinds of 
reactive molecules, the reaction is an addition reaction. The cured structure is 
composed essentially of the epoxy resin molecules linked together through the 
reactive sites of the curing agent molecules [100]. The polyaddition reaction is the 
most commonly used type of reaction and the important curing agents, including 
metaphenylene diamine (mPDA) and methylene dianiline (MDA), are primary and 
secondary amines which contain active hydrogen atoms. The curing mechanism 
of an epoxy with amine is shown in Figure 2-7.  
 
 
Figure 2-7 Mechanism of polyaddition reaction of an epoxy resin with amine  
 
2.2.2.2. Homopolymerisation reactions  
When the curing is based on the reaction (cross-linking) between the reactive 
epoxy molecules only, the reaction is homopolymerisation. The cured structure is 
essentially made up only of the original epoxy molecules linked together through 
their own reactive sites [100]. Homopolymerisation of epoxy resins initiated by 
imidazoles is commonly involved in modern conductive adhesives used in 
microelectronics [104]. Imidazoles are either used as a unique curing agent or as 
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an accelerator. They are generally used to prepare fast curing adhesives 
containing diglycidyl ether of bisphenol A (DEGBA), diglycidyl ether of bisphenol F 
(DEGBF) or phenol novolac. The curing mechanism is shown in Figure 2-8 [88].  
 
 
 
Figure 2-8 Mechanism of initial homopolymerisation of oxirane rings initiated by the nitrogen 
atom of the imidazole derivatives 
 
The first nucleophilic attack by the unsubstituted nitrogen atom of the imidazole 
ring forms the zwitterion 1, which rearranges to the 1:1 adduct 2 by internal proton 
transfer. This is followed by a nucleophilic reaction of the newly formed 
unsubstituted nitrogen of 2, opening a second epoxy group to give the 2:1 adduct 
3 that promotes the anionic polymerization of the epoxide.  
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Heise and Martin [105] used IR spectrpscopy to follow the curing reaction and 
reported that when an epoxy resin (DEGBA) is cured with different amounts (10, 
25 and 50 mol%) of 2-ethyl-4-methylimidazole, the N–H stretching vibration 
disappears within the first 10 min of cure. The rate of the adducts formation 
depends on the temperature and time, which varies from more than 90 min at 
48 °C to 10 – 15 min at 80 °C and the reaction rate is too fast to differentiate the 
individual reactions beyond 100 °C.  
 
2.2.3. Conductive fillers  
While typical polymeric adhesive matrices are good dielectric materials, 
conductive fillers in ICA formulations, if there is good electrical contact between 
the particles, provide the electrical conductivity [9]. The widely used conductive 
filler materials include silver (Ag), gold (Au), nickel (Ni), copper (Cu) and carbon 
(C). Filler particles may have spherical or flake shapes, and their particle sizes 
range from nanometers to several microns. Larger particles tend to provide the 
ICAs with higher electrical conductivity and lower viscosity [106]. In contrast, 
nanoparticle fillers which have been introduced in ICA formulations recently, offer 
improved mechanical properties and electrical conductivity [107].  
 
Ag is by far the most popular conductive filler due to [91]:  
 High room temperature electrical and thermal conductivity.  
 The conductive nature of silver oxide (Ag2O).  
 Better performance under elevated temperature and humidity or thermal 
cycling.  
 
However, the relatively high cost of Ag is becoming a barrier to many high-volume, 
low cost applications and much interest has developed in the use of Cu filled 
materials as an alternative, but the oxidation of the surface causes this metal to 
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lose its conductivity. Two approaches have been investigated for surface 
treatment and oxidation protection of Cu fillers including inorganic coatings (such 
as Ag and Au) and organic coatings (such as SAMs) as described in section 2.1.  
 
Yokoyama et al [108] reported that by using particles of a specific alloy which 
consisted both of Cu and Ag (Ag was highly concentrated on the particle surface 
and it gradually decreased towards the interior of the particle), no oxidation could 
be observed within the ICA after curing in nitrogen with 100 ppm of oxygen. It also 
exhibited higher solderability compared to commercial Cu filled ICAs and sufficient 
adhesion strength after a thermal cycling test.  
 
Zhang and Wong [109] reported that highly conductive, highly reliable and low 
cost metal pastes can be made with Ag-coated Cu flakes (5 – 10 μm). Two kinds 
of ICAs were prepared. One was obtained by curing the mixture of DEGBF, 
anhydride and catalyst (1-cyanoethyl-2-ethyl-4-methylimidazole) with 80 wt% of 
Ag-coated Cu flakes modified with an amine-based silane coupling agent (SCA) at 
150 °C for 1 h. Another was made by curing the mixture of DEGBF, amine curing 
agent and catalyst with 80 wt% of Ag-coated Cu flakes using the same curing 
condition. The authors claimed that both ICAs showed much lower resistivity 
(2×10-4Ω·cm) than typical commercial Ag-filled conductive adhesives 
(1.3×10-3Ω·cm) [109]. In addition, the amine-cured ICAs filled with Ag-coated Cu 
flakes showed stable bulk resistivity during 85 °C / 85% RH aging for 1000 h and 
anhydride-cured ICAs filled with SCA modified Ag-coated Cu flakes appeared to 
have a stable contact resistance on a Ni / Au surface during 85 °C / 85% RH aging 
for 1000 h.  
 
Yim et al [110,111] reported that improved thermal stability of Cu filled ICAs was 
achieved by using a novel SCA with aromatic structures. The bulk resistivity of the 
ICAs was 1.28×10-3 Ω·cm and the authors also reported that bimodal sized Cu 
fillers with the same SCA exhibited a low bulk resistivity of 7.5×10-4 Ω·cm.  
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2.2.4. Incorporation of reducing agents  
A recently reported approach to improve the conductivity of ICAs is the 
incorporation of a reducing agent. Although silver oxide (Ag2O) is much more 
conductive than most other metal oxides, Ag2O is still not as conductive as Ag 
itself. Li et al [112] introduced aldehydes (at 1 – 5 wt%) to a typical Ag based ICA 
and the conductivity was improved significantly due to the reaction between the 
aldehydes and the surface Ag2O during the curing process, according to:  
 
R − CHO + Ag2O → R − COOH + 2Ag…………2-2 
 
In the case of Cu based ICAs, Cu is susceptible to oxidation, which will deteriorate 
the electrical properties of the ICAs. Ho et al [113-115] investigated Cu alloy fillers 
for ICA applications and found that with the addition of 0.5 at% of Ag and 
magnesium (Mg) to the Cu fillers, this led to consistent electrical conductivity 
during high temperature exposure at 125 °C for 1000 h. The authors also reported 
that the presence of a trace amount of phosphorous (P, 0.002 at%) in the Cu filler 
is effective in preventing oxidation of Cu in the ECA in harsh environment. The 
resistivity of Cu-P filled ICA was relatively stable and low after high temperature 
exposure at 125 °C for 1000 h or aging at 85 °C / 85% RH for 1000 h. The thermal 
stability of the Cu-P-filled ECA may be due to the anti-oxidation (reducing) 
behaviour of P in the Cu, which tends to reduce CuO to Cu in a spontaneous 
reaction [116]: 
 
5CuO + 2P → P2O5 + 5Cu…………2-3 
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2.2.5. Conformal coating  
In order to improve the reliability of electronics operating in harsh environments 
(for example, high humidity conditions), conformal coatings can be applied to 
electronic circuits. Conformal coatings consist of a thin polymer film that is 
deposited on the surface of a PCB to cover the circuit tracks and components, 
thereby providing a barrier to moisture. There have been many studies on the 
benefits of the coatings, for example, conformal coatings representing each of the 
main chemistries commonly used (acrylic, silicone, epoxy and polyurethane) were 
investigated by Hunt and Mensah [117]. All the coatings were deposited onto 
standard test coupons by dip coating. The authors claimed that the silicone 
coating was the most resistant to the corrosion environment which contained 
sodium chloride solution. Zou and Hunt [118] investigated the adhesion of 
conformal coatings which contained acrylic, silicone and polyurethane using the 
tape peel test method. The authors reported that the silicone conformal coating 
adhered well to the electronic assembly.  
 
2.2.6. Processing of ICAs: Screen and stencil printing  
Screen and stencil printing are traditional and widely used processes for adhesive 
and ink/paste deposition. These two printing methods have been used for over 40 
years in the electronics industry to apply thick film conductors and dielectrics as 
part of fabricating circuits on ceramic and organic laminate substrates [9]. For 
stencil printing, the apertures are directly etched or cut into a metal sheet or foil. 
The ICA pastes are squeegeed through these apertures onto a substrate. The key 
advantages and disadvantages of screen and stencil printing are:  
 Advantages  
 Simple, fast with low unit cost  
 Suitable for both small and large production runs  
 Can be used for structures with fine dimensions  
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 Disadvantages  
 Tailing or distortion can occur during stencil lifting  
 Difficult to use on curved substrates  
 High tooling cost (screen/stencil manufacture)  
 Application for very fine-pitch components is difficult  
 Require frequent cleaning  
 
Desmulliez et al and Kay et al [119,120] demonstrated printing of ICAs using an 
ultra-fine pitch (sub-100 µm) stencil (pitch is the centre-to-centre distance 
between two neighbouring features, such as Cu pads, on a circuit board). The 
authors reported that apertures ranging from 1000 µm down to 20 µm were 
successfully made on Ni foil. An ICA could be printed down to 50 µm pitch and 
consistent prints were observed at 90 µm pitch and upwards.  
 
2.2.7. ICA conduction mechanisms 
Percolation theory predicts that ICAs containing higher than ~ 25 vol% of 
dispersed metal flake fillers should be electrically conductive [9]. However, 
commercial ICAs fail to do so unless they are cured and solidified [121]. The 
curing procedure and mechanism of local conduction remain under debate.  
 
The widely used metal fillers for ICAs such as Ag and Cu, generally have a thin 
coating on the surface to improve their stability and dispersion. Kuusiluoma and 
Kiilunen [122] reported that the conductivity improvement of ICAs during 
conventional curing was the result of removal of the lubricant and coating. 
Ruschau and his coworkers [90] presented a model for resistivity of conductive 
composites and claimed that there are three separate contributions to the 
resistance:  
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 Constriction resistance: the resistance associated with the constriction of 
electron flow through a small area.  
 Tunnelling resistance: when a thin insulating layer (such as lubricants and 
coatings) with thickness less than 100 Å is present between two spheres, 
quantum-mechanical tunnelling can occur due to the relative probability 
that an electron will ‘tunnel through’.  
 Intrinsic filler resistance  
 
The authors reported that tunnelling resistance generally dominates the 
magnitude of the overall resistance and resistivity increases with increasing filler 
hardness and insulating film thickness, while resistivity decreases with increasing 
particle size and intrinsic stress. Therefore, to improve conductivity, any insulating 
layer should be partially or fully removed to reduce the tunnelling resistance. 
Sancaktar et al [123] and Lu et al [124,125] also investigated the intrinsic stress 
and shrinkage of the ICAs during curing. The authors claimed that the ICA 
experienced a compressive stress caused by resin shrinkage leading to closer 
packed conductive fillers and conductivity improvement. The dimension change of 
the ICA was measured using a thermo-mechanical analyser. Kurosu et al [126] 
investigated the local conduction mechanism of Ag based conductive adhesives 
on the basis of TEM observations and I-V curves within the epoxy layer. The 
authors reported that a weak electric current can be detected with the thickness of 
epoxy layer between 40 – 980 nm and claimed that the current appeared to be 
caused by the application of a strong electric field to the thin epoxy layer, rather 
than a tunnelling effect which would only be valid for the case of a very thin 
insulator (~ 100 Å). Also, the surface morphology of the Ag filler that included 
small ‘horns’ with ~ 4 nm length, might enhance the conduction through the epoxy 
layer.  
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2.3. Metal nanoparticle inks  
The transition from micron particles to nanoparticles could lead to a number of 
changes in both physical and chemical properties. One important factor is that the 
melting point of the metal nanoparticles could be reduced significantly when the 
particle size is under 5 – 10 nm [9]. Compared to metal filled ICAs, the 
conductivity of the nanoparticles is achieved by the sintering process due to the 
low temperature melting point instead of the physical contact of the micron 
particles that is initiated by the adhesive curing.  
 
2.3.1. Metal nanoparticle agglomeration  
Yaniv [6] reported the average particle size of well-dispersed Cu inks should be 
less than 50 nm in order to avoid clogging of the printing nozzle during processing. 
Because of the small dimensions and therefore huge surface area to volume 
ratios of Cu nano ink, another important issue which affects the metal ink quality is 
the agglomeration of nano particles. Special additives such as long chain 
molecules (dispersants) are needed to retard agglomeration in suspensions.  
 
Henglein [6] showed that the UV absorption spectra of metal powders are strongly 
dependent on agglomeration, providing a usable characterisation method to 
monitor their agglomeration.  
 
2.3.2. Melting point of metal powders  
To achieve low temperature conventional or microwave sintering for nano inks, the 
melting temperature of nano particles has to be understood. The equation derived 
by Pawlow [127], represents the relationship between the melting temperature 
and the particle size for metal nano particles:  
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Tm(N) = Tm(∞) ∙ (1 −
C
N
1
3
)…………2-4 
 
where, N is the particle size (Å); Tm(N) is the melting temperature under a 
certain particle size; Tm(∞) is the melting temperature of the bulk material; and C 
is a constant which depends on the latent heat of melting of the material, the 
density of the particle and the surface energy.  
 
This model can be refined by considering that the melting process starts at the 
surface of the nanoparticle and the melting temperature is obtained by imposing 
the equilibrium condition on the solid core / liquid shell particles. Wang et al [128] 
showed that the core-shell structure fitted well for 50 nm diameter Cu 
nanoparticles.  
 
The difference between theoretical and experimental melting point of tin particles 
is shown in Figure 2-9 [129]. It is clear that the melting temperature of tin 
decreases significantly if the particle size is smaller than 150 Å.  
 
 
Figure 2-9 Comparison of theoretical and experimental (solid lines) melting points for tin 
clusters [129] 
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2.4. Microwave processing of materials  
Microwaves are a form of electromagnetic energy with frequencies ranging from 
300 MHz to 300 GHz corresponding to wavelengths between 1 m to 1 mm. The 
most commonly used frequency for culinary heating purposes is 2.45 GHz [130]. 
Microwave heating or dielectric heating is one of the alternatives to conventional 
heating where it utilises the ability of some materials to absorb and convert 
electromagnetic energy into heat. The use of microwaves in processing of metals, 
polymers [131] and oxide ceramics has attracted huge interest in scientific and 
industrial communities.  
 
Microwave heating offers advantages including time and energy reduction during 
processing thus helping to reduce the manufacturing costs. This also makes it an 
environmentally friendly process. The very first attempt to generate microwaves at 
an industrial scale was in the 1920s. Stuerga et al [132] reported that the earliest 
description of the microwave power cavity was published by A.W. Hull in 1923 
[133], however microwave heating of materials was first patented in 1945. The 
first microwave oven was invented in 1952 by Raytheon [134]. Since then the use 
of microwaves to heat and sinter microwave absorbing materials were studied 
intensely in the 1980s [135] and microwave processing methodology has now 
been applied to a variety of materials [135-143].  
 
Initially, microwave heating and sintering was successfully carried out mainly on 
oxide ceramics. Katz [144] claimed that in 1984, drying and firing of Al2O3 using 
microwaves were investigated by several researchers [134,144]. Nowadays, 
microwave heating is extensively used in ceramic processing, the food industry 
and in rubber vulcanization [145] due to its attributes of rapid heat transfer, 
volumetric heating and overall high efficiency [146,147].  
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Recently, microwave processing has been extended to some non-oxide ceramics 
and carbide semi-metals such as tungsten carbide / cobalt (WC / Co) composites 
used in cutting tools [148,149]. However, there was a misconception among 
researchers that all metals reflect microwaves and cannot be heated by 
microwaves. Roy and his coworkers [148] claimed that this statement is only valid 
for sintering bulk metals or continuous metal sheets. Powder metallurgy is a 
process whereby a metal powder is compacted as a green body and sintered 
(often to net shape) at an elevated temperature of 0.6 – 0.8 Tm (melting 
temperature) [148,150,151]. Compared to traditional energy consuming powder 
metallurgy, the ability to microwave sinter metals should assist in the rapid 
preparation of metal parts needed in many industries with low energy cost.  
 
2.4.1. Microwave fundamentals  
Electromagnetic radiation is a form of energy radiated in the form of wave like 
particles called photons travelling at the speed of light [152]. The frequency and 
wavelength ranges of microwaves are highlighted in the electromagnetic 
spectrum shown in Figure 2-10. Microwaves lie between radio wave frequencies 
(RF) and infrared (IR) frequencies. They have higher frequencies and shorter 
wavelengths than radio and TV signals while they have lower available energy per 
quanta and longer wavelengths than other kinds of electromagnetic energies 
including infra-red, UV and X-rays.  
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Figure 2-10 Electromagnetic spectrum [146] 
 
In the 1960s, microwaves were mainly used in the food industry [153] and for 
communication such as radar and satellite applications. In the 1980s, microwaves 
were introduced for material heating applications [135]. The Federal 
Communications Commission (FCC) has allocated certain frequency bands for 
microwaves for industrial, scientific, medical and instrumentation [146]. The most 
commonly used frequencies for heating application are 2.45 GHz and 915 MHz, 
which are derived from electrical energy with transformation efficiencies of about 
50% and 85% respectively [130]. The difference in energy loss of different 
microwave frequencies is due to the different amount of heat generation in the 
magnetron during the transformation.  
 
2.4.2. Microwave generation  
The simplest form of a microwave processing system comprises an applicator to 
deliver microwave power to the materials and a control system to monitor and 
maintain the delivery of the power level [152]. The most common microwave 
generator is the magnetron, which is highly efficient, compact and low cost.  
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Figure 2-11 Schematic cross-section view of a magnetron cavity (after [152]) 
 
A magnetron is essentially a thermionic diode that converts electrical energy to 
microwave radiation. In the magnetron, a heated cathode acting as the source of 
electrons is surrounded by a circular anode which has an array of radial slots 
acting as resonators tuned to the desired operating frequency [145]. The electric 
field (E-field) is created by the applied DC voltage which draws the electron from 
the cathode to the anode. Instead of travelling directly to the anode, the electrons 
are forced to rotate circularly in the coaxial space between the anode and the 
cathode due to the presence of a magnetic field (H-field). Consequently, the 
electron cloud appears as a rotating spoke wheel [145]. In the presence of an 
electromagnetic field, alternating positive and negative voltages are generated on 
the anode vanes and electrons emitted from the cathode can be either 
accelerated or decelerated [145,152]. These changes in the kinetic energy of the 
electrons result in the microwave power generation. The microwave power is then 
directed toward the target with microwave guides (usually made of sheet metal 
[154]). This DC-microwave power transformation is efficient and there are two 
kinds of magnetrons: pulsed or continuous. Pulsed magnetrons can produce 
output powers of up to megawatts for very short durations, while the power 
produced by continuous magnetrons is usually in a range from watts to kilowatts 
[145,152].  
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2.4.3. Theoretical aspects of microwave heating  
2.4.3.1. Polarisation  
In physics, a dipole is a separation of positive and negative charges and it is 
characterised by a dipole moment [155]. These charges can be polarised by an 
applied E-field. A dielectric material comprises of either induced or permanent 
dipoles [155]. Rotation of dipoles in an E-field leads to polarisation of the dielectric 
materials. There are four polarisation mechanisms i.e., electronic, ionic, molecular 
and interfacial polarisation which may all contribute to the interactions between 
dielectric materials and microwaves [152].  
 
Among all four of these mechanisms as shown in Figure 2-12, molecular 
polarisation mainly happens at microwave frequencies and it is the mechanism 
responsible for the majority of microwave heating observed in solvent systems 
[156]. For example materials such as water are made up of molecules containing 
permanent dipoles. In the absence of an E-field, the dipoles are distributed 
randomly in such a way that the net dipole moment is zero whereas they will 
attempt to align parallel to the E-field by rotation under an applied alternating 
E-field. However, the dipoles do not have sufficient time to respond to the 
alternating E-field associated with microwave frequencies. Therefore, there is a 
phase difference between the orientations of the E-field with that of the dipoles 
(shown in Figure 2-12). This phase difference is responsible for the release of 
energy from molecules as a result of the greater number of random collisions 
between them, leading to dielectric heating.  
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Figure 2-12 Schematic diagram of different polarisation mechanisms (after [152]) 
 
2.4.3.2. Loss mechanisms  
The loss mechanisms due to the interaction of microwaves with materials are 
responsible for the conversion of microwave energy into heat. There are three 
major type: conduction, dielectric and magnetic losses.  
 
2.4.3.2.1. Conduction loss  
Conduction loss is one of the major contributing factors in microwave heating of 
bulk metals and semiconductors [152]. It has been reported that microwave 
heating of solvents which contain ions or charge carriers, as well as microwave 
absorption of fine metal particles can also be explained by this mechanism 
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[148,157]. Recent research has shown that the conduction loss is due to the eddy 
currents induced in conductive metal particles. The interaction of material with 
microwaves leads to the formation of eddy currents which force the electrons 
towards the surface of the material. This phenomenon is known as the skin effect, 
which will be further discussed in section 2.4.3.3.  
 
2.4.3.2.2. Dielectric loss  
Dielectric properties are of special importance when materials are heated in the 
microwave field. The interaction between electromagnetic waves and dielectric 
material are characterised by the temporary storage of electrical (potential) energy 
within the material and some of this energy may be converted to thermal energy 
which will depend on the frequency of the electromagnetic irradiation.  
 
The complex permittivity (ε∗) describes the ability of dielectric materials to absorb 
and store the electrical energy and consists of two parts. ε′ is the dielectric 
permittivity (dielectric constant) and represents the penetration of microwaves into 
the material. ε′  is defined as the ratio of permittivity of the material to the 
permittivity of free space. ε′′ is the dielectric loss factor (imaginary part of the 
complex permittivity) and characterises the ability of the material to store the 
energy.  
 
ε∗ =  ε′ − 𝑗ε′′……2-5 
 
The energy dissipation factor (tanδ) represents the relative expenditure of energy 
to obtain a given amount of charge storage [158]. It provides a convenient 
parameter for defining and comparing the ability of different materials to convert 
microwave energy into thermal energy at a particular frequency [159]. It is defined 
as follows:  
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tanδ =
ε′′
ε′
…………2-6 
 
2.4.3.2.3. Magnetic loss  
Magnetic loss also plays an important role in microwave heating. Apart from 
conduction loss, magnetic loss is another important factor in microwave heating of 
metals. Similar to permittivity, magnetic permeability (μ, ) represent the loss 
characteristics of a material in an alternating magnetic field [152].  
 
2.4.3.3. Penetration depth  
The dielectric interaction of materials with microwaves can be determined by two 
important factors: absorbed power (P) and depth of microwave penetration (D). 
The average absorbed power (P) is expressed in the following equation [160].  
 
P = σ|E, H|2 = 2πf ε0 εeff
,,  |E, H|2 = 2πf ε0 εr
,  tanδ  |E, H|2…………2-7 
 
where, |E| is the magnitude of the E field; |H| is the magnitude of the H field; εeff
,,
 
is the relative effective dielectric factor; ε0 is the permittivity of free space; f is 
the microwave frequency; σ is the total effective conductivity. εr
,  is the relative 
dielectric permittivity and tanδ is the energy loss factor.  
 
The other factor, penetration depth (D) is defined as the depth at which the 
incident power is reduced by 1/e. D can be estimated by the following equation 
[160]:  
 
D =
3
8.686fπtanδ(
εr
,
ε0
)1/2
…………2-8 
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The penetration depth varies from microns to meters depending on frequency and 
dielectric properties. For instance, the penetration depth of Fe is 3.2 µm while it is 
126 m for Al2O3. It is also evident that in the above equations, the dielectric 
properties (permittivity and loss factor) play an important role during microwave 
heating. Based on equations 2-7 and 2-8, microwave heating has important 
consequences when used for processing components with a large cross-section 
or multiple samples. For example, D (in the centimetre range) is much greater 
than the cross-sections of the samples for many ceramic materials [135]. 
Therefore, microwaves can penetrate through the samples and uniform heating 
can occur. On the other hand, conventional heating relies on thermal conduction 
from the surface inward, which requires longer to achieve uniform heating. Further, 
each part may experience a different thermal history if multiple samples are 
heated in a conventional furnace, depending on their position (e.g. proximity to the 
elements) in the furnace.  
 
For metallic materials, the penetration depth of microwaves at a given frequency 
(e.g. 2.45 GHz) depends on the electrical and more importantly, magnetic 
properties of the metal. Previous research has shown that there is an upper limit 
to the thickness of the metal which can be heated directly using microwaves. The 
skin depth (d) is defined as the depth into the conductor from the surface at which 
the induced current density is 1/e (e = 2.718) of its value at the surface [161].  
 
d = √
ρ
πfσμ0μ,
…………2-9 
 
where ρ is the density of the metallic material and 𝜇0 is the permeability of free 
space. According to the equation, materials with high conductivity (σ) and high 
permeability (μ,), such as metals, have a small skin depth. Most metals have a 
skin depth in the micrometre range, so the direct heating of bulk metals pertains 
only to the surface. But using metallic powders with particle sizes in the 
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micrometre range offers the ability to heat them volumetrically. This makes it 
possible to heat metal powders directly using microwaves. Table 2-2 summaries 
the penetration depth of several metals at 2.45 GHz frequency.  
 
Table 2-2 Penetration depth of a selected number of metallic materials [152] 
Metallic material Penetration depth at 2.45 GHz (µm) 
Aluminum (Al) 1.7 
Copper (Cu) 1.3 
Gold (Au) 1.5 
Iron (Fe) 3.2 
Lead (Pb) 4.7 
Magnesium (Mg) 2.2 
Nickel (Ni) 2.7 
Silver (Ag) 1.3 
Tungsten (W) 2.4 
Vanadium (V) 4.6 
Zinc (Zn) 2.5 
Zirconium (Zr) 6.7 
 
2.4.4. Microwave – Material interactions  
Microwave energy can be reflected, absorbed and / or transmitted by materials. 
During the interaction, heat is generated in the material through absorption [135]. 
Therefore, materials can be categorized into three principal groups based on their 
interaction with microwaves:  
 
Figure 2-13 Three kinds of materials according to their interaction with microwaves: (a) 
Transmission; (b) Reflection and (c) Absorption (after [135]) 
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 Transmission: Microwaves can pass through the materials without much 
energy loss. The dielectric loss characteristics of these materials are low. 
(e.g. quartz, glass and air)  
 Reflection: Microwaves are reflected and cannot penetrate through the 
materials. (e.g. bulk metals and continuous metal sheet)  
 Absorption: Microwaves are absorbed by the materials depending on the 
value of dielectric loss factor of the materials. i.e., materials with high 
dielectric loss have a better microwave absorbing ability (e.g. zinc oxide; 
ZnO).  
 
In addition, there can be a fourth type of materials known as mixed absorbers. 
This kind of interaction can be observed in composites, mixtures or multi-phase 
materials where parts of the materials have high dielectric loss while the other part 
is made of low dielectric loss materials. In this case, only the high dielectric loss 
parts will be directly heated by microwave irradiation i.e. selective heating ensues 
which is a unique capability of microwave heating (a conventional furnace heats 
up everything inside). The comparison between conventional and microwave 
heating is shown in Figure 2-14.  
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Figure 2-14 Schematic diagram showing the heating behaviour of a powder mixture 
containing both low and high absorbing powders in microwave heating (after [162]) 
 
Materials interact with microwave energy to various degrees depending on their 
composition, structure, temperature and the frequency of microwaves. Clark and 
Sutton [135] reported that at room temperature, many ceramics and polymers do 
not absorb microwaves efficiently at 2.45 GHz. However, the absorption can be 
enhanced by increasing the processing temperature or by adding absorbing 
constituents or modifying their physical form (e.g. from bulk to powder).  
 
Increasing process temperature is a commonly used method for materials that 
have poor absorbing ability [135]. For some materials, once heated to a critical 
temperature, microwave absorption becomes sufficient to cause self-heating. This 
can be achieved by using secondary susceptors or by using a hybrid heating 
method. More uniform temperature gradients can be achieved due to the 
volumetric microwave heating and the external heat source in hybrid heating 
minimizes the surface heat losses. Silicon carbide is commonly used as a 
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secondary susceptor. Under these circumstances, the material is exposed 
simultaneously to radiant heat produced by the microwave absorption of the 
susceptor and the self-heating of the sample that ensues later.  
 
Another solution of heating poor microwave absorbing materials is to incorporate 
absorbing additives [135]. Reinforcements, binders, fillers, plasticizers and 
dispersants are often added to polymers and ceramics as processing aids to 
improve their microwave heating characteristics.  
 
2.4.4.1. Temperature profiles during microwave heating  
Compared with conventional heating, where heat is generated and transferred to 
samples via radiation, conduction and convection, during microwave heating, 
samples themselves absorb microwave energy and transform that into heat. 
Accordingly, the heating efficiency is highly dependent on the thermal conductivity 
of the heated material during conventional sintering. However, during microwave 
sintering, the energy transfer relies on the dielectric properties of the materials 
themselves and in turn their ability to absorb microwaves. Figure 2-15 shows a 
comparison of temperature profiles during conventional and microwave heating.  
 
 
Figure 2-15 Schematic cross-sectional temperature profile within the samples in: (a) 
conventional sintering; (b) microwave sintering  
 
The inverted temperature profiles can be explained with equation 2-7 and 2-8. 
Materials which have sufficient value of εeff
,,  will allow high absorption and deep 
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penetration of microwave energy. Although energy is deposited on both surface 
and interior of the material, it is radiated or convected from the surface 
simultaneously. Surface radiation happens more rapidly (especially at high 
temperature) than thermal conduction can deliver heat from the interior [135]. 
Consequently, the surface remains relatively cooler in microwave heating.  
 
2.4.4.2. Thermal runaway  
Metaxas and Meredith [146] showed that during microwave heating, some 
materials with low dielectric loss (e.g. some metal oxides) exhibit a sudden 
increase in εeff
,,  with increasing temperature. This leads to very rapid heating. The 
temperature at which this phenomenon occurs is called the critical temperature 
(Tc). The potential consequence of the significant change in εeff
,,  is that localized 
hot spots can generate and develop. The development of the hot spots is referred 
to as thermal runaway (also known as unstable accelerated heating) [163]. The 
existence of this phenomenon indicates the need to have careful temperature 
control during microwave processing of such materials.  
 
On the other hand, some materials show the opposite of thermal runaway, known 
as self-limiting heating. Wei and Hawley [164] pointed out that some polymers 
may exhibit self-limiting heating during microwave irradiation due to the fact that 
they are less susceptible to microwave power once polymerized. Some glass 
compositions that melt during processing also show this behaviour [165].  
 
2.4.5. Microwave effect  
In microwave sintering, the existence of the so-called ‘microwave effect’ during 
sintering has been investigated [166]. The ‘microwave effect’ is a 
non-conventional, non-thermal effect which is caused by the electromagnetic field 
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during microwave processing [167]. The major influences of the microwave effect 
are enhancements in the rates of activated processes including material transport 
such as sintering and chemical reactions [135]. Many researchers [168] claimed 
that the enhanced rates are due to a reduction in the activation energy required. 
However, because of the field focusing effect, conventional temperature 
measurement devices including sheathed thermocouples cannot provide accurate 
results in a microwave field [169]. Therefore, the reduction in the activation energy 
in microwave processing is difficult to prove because of poor temperature 
measurement in the microwave field. In addition, localized temperature variations 
(such as thermal runaway) is another problem especially during bulk sample 
processing.  
 
Wei et al [164] monitored the surface temperature of thin polymer film samples 
(10μm in thickness) to minimize temperature gradients. Under carefully controlled 
experiment conditions, vitrifications were 2 – 44 times faster in the microwave 
cured films compared with the conventional cured films. Another possible 
contribution to the ‘microwave effect’ is the defect on the surface of the crystal 
which leads to the uneven distribution of surface charge. As a result, a space 
charge polarization that couples with the microwave field is introduced. This 
phenomenon could help to explain the enhanced sintering rate observed in the 
presence a microwave field.  
 
Wroe and Rowley [170] investigated the sintering properties of ZrO2 using a hybrid 
microwave / conventional furnace. Additionally, a dilatometer was used to monitor 
sample shrinkage during sintering. The ZrO2 powder compacts were heated with 
the presence of 2.45 GHz microwave energy. The relationship between 
temperature and linear shrinkage is shown in Figure 2-16.  
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Figure 2-16 Normalized linear shrinkage of ZrO2 as a function of sintering temperature for 
conventional and microwave-assisted sintering [170] 
 
Based on Figure 2-16, it is clear that shrinkage occurred about 80 – 100 °C lower 
in the presence of microwave field and the effect of switching off the microwave 
power at 1080 °C can also be observed. Wroe and Rowley claimed that due to the 
introduction of non-thermal driving force (voltage gradient) by the microwave field, 
the sintering rate was increased. The mechanism of enhancement is related to 
space charge which preferentially enhances the driving force for grain boundary 
diffusion. The increased driving force couples with a preferential enhancement of 
a lower activation energy process, i.e. grain boundary diffusion rather than grain 
boundary migration. Further, Willert-Porada [171] investigated that the microwave 
effect is dependent on the particle size and defect, i.e. smaller particle sizes 
enhance the effect.  
 
Similar results were found by the ceramic researchers at Loughborough University 
[166]. Submicron ZnO pellets were sintered at 680 °C using conventional and 
hybrid sintering, the latter with 600 W microwave power. The dilatometry results 
showed that under identical temperature – time heating profiles, the shrinkage 
occurred 20 min earlier due to the presence of microwave power. It is clear that 
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densification process (grain boundary diffusion) can be accelerated by introducing 
microwave power.  
 
 
Figure 2-17 Dilatometry results for submicron zinc oxide sintered at 680 °C using conventional 
and hybrid heating [166] 
 
2.4.6. Field effect of microwave heating  
Following the preliminary work of Cherradi et al [172], who demonstrated that the 
magnetic field does contribute to the heating of dielectric materials and because 
microwave radiation is a kind of electromagnetic waves, for microwave heating of 
metallic and magnetic materials, not only the dielectric properties but the magnetic 
properties should also be taken into consideration. These materials probably 
behave quite differently in the electric field (E-field) or magnetic (H-field) 
separately. The investigations of heating properties in separate E-field or H-field 
have contributed to the understanding of the basic mechanisms of 
microwave-material interactions.  
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Roy et al [162] synthesised ferrous / ferric oxide based samples (BaCO3 + 4Fe3O4) 
at the position of the E-field and H-field maxima separately in a single mode 
microwave cavity at 2.45 GHz. Extraordinary effects and sharp differences were 
found between reactions at E and H nodes in ferric oxides. The temperature of an 
Fe3O4 based sample was measured using a single wavelength IR pyrometer with 
emissivity of 0.75. With input power of 300, 500 and 700 W, the H-field sample 
was stable at 1000 °C in 10 seconds whereas the temperature of the E-field 
samples were considerably higher, especially at higher power level [162]. Based 
on the XRD and SEM results, the authors also found that decrystallisation 
occurred when the sample was heated in the H-field mode (no evidence for 
melting) while in the E-field mode, the sample reacted completely and formed 
large crystals of a single phase.  
 
Dube et al [173] found that during the heating process, there is a concentration of 
a magnetic field around an Fe3O4 sample. The pellet was pre-sintered in an 
H-field at 1000 °C for 3 min in air in order to avoid cracking. After that, it was 
placed in the H-field maxima. Simultaneously, the output current was monitored by 
a digital current meter. Based on the temperature / current vs. time [Figure 2-18 (a) 
& (b)], it was clear that during the initial 300 seconds, the current increased 
parallel with the temperature. When sintering started, the current stayed at 2 μA 
and temperature reached 900 °C. Beyond 900 seconds, the current dropped 
rapidly while the sample temperature continuously stayed at 900 °C. Dube and 
co-workers claimed that the results indicated that an intense concentration of 
H-field existed around the sample as well as redistribution of the field during 
sintering. In addition, the field concentration disappeared when the current 
dropped significantly. 
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Figure 2-18 (a) Temperature versus time and (b) output current versus time profile during 
processing [173] 
 
Cheng et al [174] concluded that different materials exhibit different heating 
behaviours in E and H fields. They claimed that conductive samples (e.g. Fe3O4 
and carbide) can be heated more effectively in the H-field. In contrast, insulating 
ceramic samples (e.g. Al2O3 and ZnO) showed higher heating rate in a pure 
E-field. Some materials (e.g. Cu powder) heated similarly in both fields. In addition, 
Luo et al [175] showed similar results for conductive samples (Fe powder and 
Fe-Ni alloy powder compact). Moreover, the absorption efficiency of the sample is 
increased at higher microwave frequencies.  
 
Table 2-3 Summary of responses of selected materials to separate E and H field 
Material Response to separate E and H field 
Ceramics 
Al2O3 Heating in E-field only  
ZnO Heating in E-field only  
Fe3O4 Heating in both E and H field  
TiO2 * No heating  
Metals 
Fe Heating in H-field only  
Steel (Fe+2%Cu+0.8%C) Heating in H-field only  
Cu powder Heating in both E and H field  
Cu solid No heating  
Ti * Heating in E-field (200 °C, 2 min) 
 * data from research by Sato et al [176] 
 Rest of data from research by Cheng et al [174] 
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In order to explain the heating behaviour of Cu powder in a microwave field, 
Ma et al [177] studied the microwave heating behaviour of porous Cu powder 
compacts. The Cu powder compacts were baked under vacuum at 120 °C for 8 h 
prior to use. Samples were exposed to the microwave field (400 W, 2.45 GHz) for 
10 to 15min. To achieve E-field and H-field heating separately, the authors located 
the maxima of the E-field and H-field in the cavity using numerical simulation and 
spatial location of the sample in a single mode cavity [177]. If the material under 
investigation was more responsive to the magnetic field component of the 
electromagnetic radiation, then H-field induced heating was achieved.  
 
Based on Figure 2-19, it is clear that the heating rate and the equilibrium 
temperature of H-field were higher compared to E-field. More importantly, H-field 
heating permanently quenched the temperature spike (red circles in Figure 2-19). 
The authors claimed that the local temperature between particles in the samples 
was higher for microwave heating and the surface temperature indicated the 
average temperature. Moreover, the temperature spike and subsequent relaxation 
was due to the interparticle necking which then reduced the penetration of the 
field into the sample.  
 
 
Figure 2-19 (a) 3 μm particle size Cu powder compact heated three times in E-field (solid 
curves) and then three times in H-field (dash curves); (b) 3 μm particle size Cu powder 
compact heated three times in H-field (solid curves) and then three times in E-field (dash 
curves) [177] 
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To confirm the field-history difference between H-field heating and E-field heating, 
sample microstructure was characterized before and after field exposure (Figure 
2-20). It is clear that the necking was more significant in the H-field heating 
sample. More importantly, the temperature at which interparticle necking occurred 
(300 – 500 °C) was far below the melting temperature of Cu (1083 °C). In addition, 
Ma and his co-workers also found that the H-field heating rate is strongly 
dependent on the particle size which supports that green state Cu powder particle 
still behaves as single absorber.  
 
 
Figure 2-20 SEM micrographs of (a) green sample; (b) E-field heating for 26 s; (c) H-field 
heating for 9s; Average particle size is 3 μm [177] 
 
2.4.7. Advantages and challenges of microwave heating  
Microwave heating leads to energy absorption directly into the materials. 
Volumetric heating and direct energy deposition eliminates energy waste by 
heating other components in the furnace which are not directly relevant to the 
sintering process. Therefore, energy consumption is reduced in microwave 
heating. Further, rapid cooling and heating rates can also be achieved. The 
sample itself heats up and acts as the heating source in microwave heating. 
Consequently, the effective thermal mass reduction lowers the power input 
requirement. The major benefits and challenges of microwave processing can be 
summarized as follows [135]:  
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 Advantages:  
 Volumetric heating  
 Selective heating  
 Rapid heating/cooling rate  
 Efficient heating for thermal insulators such as ceramic and rubber  
 Environmentally friendly, energy / cost saving route for material 
processing  
 Enhanced properties and yields  
 Challenges:  
 Safety issues due to the microwave radiation protection  
 Processing of materials with low microwave absorption  
 Temperature control including temperature measurement and 
avoiding undesired localized heating (thermal runaway)  
 Cavity design  
 
2.4.8. Microwave curing of polymers  
The preliminary work on polymer processing was focused on curing thick 
cross-sections of rubber by microwave energy. Long curing times cannot be 
avoided using a conventional furnace because of the poor thermal conductivity of 
rubber. However, rubber can be heated rapidly and uniformly by using microwave 
power, thereby shortening curing times required [135,178-180]. Therefore, 
microwave heating is widely used in rubber vulcanization. Microwave curing has 
been used to process other thermoset polymers including polyester [131,181-185], 
polyurethanes [181,183,185-188], polyimides [185,187,189] and epoxies 
[181,183,185,187,190]. Many researchers have concluded that the polymerization 
rate is increased using microwave curing.  
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Mijovic and Wijaya [181] summarised the observations of microwave curing of 
thermoset materials and claimed that the power absorbed by the sample first 
increased to a maximum level and then decreased before reaching a constant 
value. Bouazizi and Gourdence [191] shown that the higher the input microwave 
power, the faster the polymerization and the higher the temperature inside the 
sample. Therefore, the input power and temperature have to be carefully 
controlled to prevent overheating during microwave curing of polymers.  
 
Wei et al [14] clarified the effects of microwave energy on the cross-linking of 
epoxies using a stoichiometric mixture of diglycidyl ether of bisphenol A (DGEBA) 
with two low-loss amine curing agents: metaphenylene diamine (mPDA) and 
diamino diphenyl sulfone (DDS). The results showed that increased curing rates 
were observed in the microwave processed samples compared with conventional 
cured samples at the same temperature. The authors claimed that there are two 
possible explanations: 1. microwave irradiation may increase the mobility of the 
reactant after gelation so more reactant can be consumed to form a rigid network; 
2. reduction of the rigidity of the formed network so more reactant can be 
consumed for the same level of molecular mobility. These results were also 
confirmed by Boey and Yap [192]. They examined a similar system and found that 
microwave heating led to faster reaction than conventional curing.  
 
Marand et al [193] provided a more detailed explanation of microwave curing of 
the DGEBA / DDS system. They found that the secondary amine-epoxide 
reactions (–NH–) are much slower during conventional cure as compared with the 
primary amine reactions (–NH2) due to the steric effect. However, the dielectric 
properties, i.e., dipole moments of the primary amine (14.8 × 10−30 𝐶 ∙ 𝑚) and the 
secondary amine (12.6 × 10−30 𝐶 ∙ 𝑚) are similar. It indicated that these may both 
be absorbers of the microwave energy leading to an increase in the reaction rate 
involving them in the early stages of the curing reactions.  
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Zainol and his co-workers [194] found that Matrimid 5292A bismaleimide resin 
cured faster in a microwave oven than in a conventional oven. Based on the 
results obtained using differential scanning calorimetry (DSC), Fourier transform 
infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR), the authors 
claimed that there was no difference in the chemical reactions taking place during 
conventional and microwave cure. Moreover, microwave cured samples showed 
slightly lower glass transition temperature (Tg) than conventional cured samples 
especially at higher degree of cure. Similar results have been reported by Rahmat 
et al [131] who compared the conventional and microwave curing of commercial 
unsaturated polyester resin (UPE: Beetle R 8592). They also claimed that 
microwave curing was faster than conventional and the same curing reactions 
took place in both cases. The authors found that at the end of curing, the existing 
microgels would be highly overlapped via crosslinking owing to the very fast 
reaction rate of microwave curing compared to conventional curing. This could 
result in the inability of the uncured monomers to be trapped into the compact 
microgels, leading to slightly lower Tg for microwave cured samples compared to 
conventional cured ones.  
 
Wallace and his co-workers [195] claimed that typical cure times for 
thermosettting resins are reduced from hours to tens of minutes or less through 
the use of microwaves rather than conventional curing. Nesbitt et al [196] 
developed a microwave heated calorimeter which has similar function compared 
to a conventional DSC. They studied the curing of DEGBA epoxy system 
(containing DEGBA, an acid anhydride hardener and an amine-phenol complex 
as an accelerator). The authors found that the reaction rate was enhanced by 
microwaves at temperatures lower than 150 °C whereas an opposite conclusion 
was observed at temperatures higher than 150 °C. The reason is that the 
dielectric constant and dielectric loss factor decreased with extent of cure, due to 
a depletion of the functional polar groups and a decrease in molecular mobility as 
the rigidity of the network is increased.  
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However, the results above are in contrast to some other findings. Mijovic et al 
[197] reported that there was no significant difference in the curing kinetics 
between microwave and conventional curing. In their work, two epoxy-amine 
formulations (DEGBF / MDA; DEGBF / DDS) were mixed and cured in microwave 
or conventional furnaces at different temperatures. An in-situ method was used to 
investigate the degree of cross-linking of DEGBF / MDA and DEGBF / DDS 
systems. The results showed that the differences between microwave and 
conventional cured samples at different curing temperatures were found to be 
negligible. Therefore, the authors claimed that the accelerated kinetics due to the 
‘microwave effect’ was unfounded in this particular epoxy system.  
 
The conflicting results above by different laboratories indicate the need for 
methodical additional work in this area. The current research is focusing on 
microwave heating of polymers and evaluating its effect in a qualitative or 
semi-qualitative way. Obviously, more fundamental studies of the interactions 
between the electromagnetic waves and the polymeric materials on the molecular 
level need to be done because the understanding of how the electromagnetic field 
affects the network structure during cure is essential to produce materials with 
tailored / desired properties.  
 
Recently, the frequency agile microwave oven bonding system (FAMOBS) has 
been developed as a novel microwave processing apparatus for heating / curing 
thermosetting materials utilised in modern microelectronic packaging applications 
[198]. FAMOBS can eliminate the fundamental problems with microwave heating 
of electronic components including uneven heating (hotspot) and arcing between 
components with high conductivity by rapidly varying the frequency of the 
microwave source.  
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2.4.9. Microwave sintering of metals  
Unlike most polymers, metals such as copper, nickel and iron (Cu, Ni and Fe) are 
easily oxidized during processing, especially at high temperatures. This problem 
is even more serious for sintering metal powders due to their large surface area. 
Therefore, oxidation protection is crucial during high temperature sintering.  
 
The earliest work on microwave interaction with metallic materials is reported by 
Walkiewicz et al [199]. Several different metal powders were exposed to a 
2.45 GHz field. The authors reported that V and Ni displayed the greatest rates of 
increase in temperature with heating rate of 557 K/min and 384 K/min respectively, 
whereas Mg displayed modest heating with heating rates of approximately 17 
K/min. Subsequently, Sheinberg et al [200] successfully sintered compacted Cu 
powder samples at 650 °C using a 2.45 GHz microwave oven operating at 
maximum power of 700 W.  
 
Vaidhyanthan and Rao [139] studied microwave heating of graphitic and 
amorphous forms of carbon and the authors reported that the energy absorption 
from the microwave field was through the excitation of weak interlayer graphitic 
bonds, whereas a high density of a variety of defects (including pores) was 
responsible for the rapid dielectric heating of amorphous carbon. In another 
analysis of defects, Huey and Morrow [201] reported that for small metal particles 
of less than 3 µm, the charge buildup at the ends of the particles may affect the 
induced currents. Irregularly shaped particles may cause changes to the current 
flux or direction and pores allow for deeper penetration of microwaves.  
 
Roy et al [148] successfully sintered steel alloys with different compositions by 
microwave processing. The microwave furnace used had a maximum power 
output of 6 kW at a frequency of 2.45 GHz. The microwave set up used is shown 
in Figure 2-21. The authors reported that the properties of microwave sintered 
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alloy parts using 6 kW power output (reaching 1200 °C) for 30 min were 
substantially higher than those of conventionally sintered samples. The results are 
shown in Table 2-4.  
 
 
Figure 2-21 Schematic diagram of microwave processing system for sintering 
powdered-metal parts (after [148]) 
 
Table 2-4 Properties of microwave and conventionally processed samples [148] 
Sample Process Green 
density (g/cm
3
) 
Sintered 
density 
(g/cm
3
) 
Rockwell 
hardness 
MOR  
(10
3
 lb in
-2
) 
Fe-Ni-C 
(industrial part) 
MW 7.11 7.15 B82 177 
CONV 7.11 7.10 B77 109 
Fe-Cu-C 
(industrial part) 
MW 6.81 7.17 B96 142 
CONV 6.81 6.84 B80 118 
Fe-Cu-C     
(lab. sample) 
MW 6.95 6.96 B75 134 
CONV 6.95 6.95 B64 122 
 
The microstructures of the samples were investigated by optical microscope. The 
optical micrographs indicated that excellent sintering had been achieved between 
iron particles. In addition, the Cu and Ni had melted and spread in between the 
iron particle grain boundaries forming respective solid solutions.  
 
Roy et al [148] proved that the microwave process yielded samples with better 
properties, finer grain size and round-edged porosities in powdered-metal 
samples. These results were further confirmed by Anklekar et al [202].  
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Cu and Ni steel powder metallurgy (PM) parts were successfully sintered in a 
reducing atmosphere by Anklekar et al [202]. Samples with compositions of Fe–
2Cu–0.8C (FC-0208) and Fe–2Ni–0.8C (FN-0208) were sintered in a reducing 
atmosphere of forming gas consisting of a mixture of 95%N2 + 5%H2. The 
microwave furnace was first set up by Vaidhyanathan et al [203] with a maximum 
power output of 2 kW operated at 2.45 GHz. The microwave set up is shown in 
Figure 2-22.  
 
 
Figure 2-22 Schematic diagram of microwave sintering set up used showing details of the 
sintering package configuration (after [203]) 
 
Four different shapes of PM samples were sintered using microwaves at 1260 °C 
for 20 min. Sintered density and mechanical properties were measured and 
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summarized in Table 2-5. It can be observed that microwave sintered samples 
have slightly higher sintered densities than conventionally sintered samples. 
Further, the mechanical properties obtained for the microwave sintered parts 
showed a remarkable improvement over those of conventionally sintered parts. 
The authors claimed that this consistent improvement was correlated primarily to 
the development of novel microstructures resulting in different characteristic 
porosity shapes which yielded better mechanical properties. The pores obtained 
from microwave sintering were small, rounded and uniformly distributed as 
opposed to the large, angular and non-uniform pores observed for conventional 
sintering.  
 
Table 2-5 Comparison of sintered density and mechanical properties of FC-0208 and FN-0208 
using conventional and microwave sintering [202] 
PM parts Composition  Properties  Conventional 
sintering  
Microwave 
sintering  
Modulus of 
rupture bars 
FC-0208 Density (g·cm
-3
) 7.15 7.32 
Flexural strength (MPa) 899.3 1029.3 
Rockwell hardness (HRB) 72.7 77.6 
Cylindrical 
tubular 
samples 
FC-0208 Density (g·cm
-3
) 6.90 6.94 
Toughness (MPa) 474.5 637.3 
Rockwell hardness (HRB) 84.3 87.2 
FN-0208 Density (g·cm
-3
) 7.43 7.47 
Toughness (MPa) 1165.5 1255.2 
Rockwell hardness (HRB) 89.1 90.9 
Tensile bars FN-0208 Density (g·cm
-3
) 7.17 7.20 
Elongation (%) 4.0 4.3 
Pinion gears  FC-0208 Density (g·cm
-3
) 6.80 6.84 
Rockwell hardness (HRB) 78.3 79.1 
 
A further examination of the microstructures and porosity distribution was reported 
by Agrawal [204]. Two commercial steel products (FC208 and FN208) were 
sintered in a 2 kW, 2.45 GHz microwave furnace. The SEM results showed that 
microwave processed samples had a more uniform microstructure than the 
conventionally processed samples and microwave processed samples exhibited a 
slightly denser core than the surface, as expected. Moreover, it was noticed that 
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the pores in the microwave sintered samples were more rounded than 
conventionally sintered samples. It is well known that a sintered product exhibits 
higher strength and ductility when more spherical shaped pores are present [204].  
 
Cu nanoparticles with 52 nm size were sintered by researchers from Penn State 
University [205]. The results are shown in Table 2-6 indicating the possibility of 
using the rapid heating rate (25 – 50 °C) of microwave-assisted heating to 
successfully sinter nano Cu with higher densification and finer microstructure 
compared to conventional sintering.  
 
Table 2-6 Comparison of processing conditions and properties of sintered Cu nanoparticles 
[205] 
Sintering 
process 
Temperature 
(°C) 
Time 
(min) 
Density (g/cm
3
) Crystallite 
size 
(nm) 
Green Sintered 
CONV 600  
120 
6.39 7.15 275 
CONV 700 6.43 6.60 382 
CONV 800 6.39 6.82 296 
MW 868 5 6.42 7.33 71 
MW 910 10 - 7.33 83 
MW 920 20 6.35 7.38 88 
 
Takayama et al [206] demonstrated microwave sintering of Cu compacts in air at 
900 °C without the need for an inert atmosphere. Energy-dispersive X-ray 
spectroscopy (EDX) analysis indicated a high level of oxygen content in the 
conventionally sintered Cu samples at 900 °C in air, whereas the level of oxygen 
found was significantly lower in microwave sintered samples at the same 
temperature. The authors claimed that microwaves activated the de-oxidation 
process due to arcing between particles leading to the observation of lower 
oxygen content. This study clearly demonstrated the feasibility of microwave 
sintering of metals and considerable cost saving can be achieved since the inert 
atmosphere is not required.  
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Mondal et al [207] also found that Cu powders, unlike monolithic materials, do 
couple with microwaves. Monolithic metals are good conductors, therefore an 
internal electrical field cannot be induced. The induced electrical charges remain 
restricted at the surface of a bulk metal. This causes the eddy currents and 
subsequent resistive losses. However, the authors claimed that the Cu powder 
compacts (particulate form) having higher porosity and smaller particle size 
interact more effectively with microwaves and are heated more rapidly. In this 
case, microwave heating was carried out using a 2.45 GHz, 6 kW multimode 
microwave furnace. On comparing the effect of powder particle size and 
as-pressed porosity on the heating profiles (Figure 2-23) of cylindrical Cu 
compacts, it was shown that as expected, the bulk Cu did not heat up at all in 
microwave radiation. More importantly, it proved that microwave heating is more 
effective for compacts which have smaller particle size and large porosity levels. 
Due to the porosity within the compacts, the electrical conductivity decreases. 
Therefore, the skin depth increases proportionately based on equation 2-9. During 
sintering, the porosity decreases as well as the surface area per unit volume, 
resulting in the reduction of skin depth. Therefore, the heating rate became 
constant after a certain time.  
 
 
Figure 2-23 Effect of particle size and initial porosity on the heating behaviour of Cu compacts 
in microwave furnace [207] 
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Recently, microwave-assisted processing has been used in plastic electronics 
manufacturing due to the unique selective heating characteristic. The sintering 
temperature of some metal nanoparticles with diameter below 50 nm can be 
reduced by 300 °C [129], however, common polymer foils such as polycarbonate 
(PC), polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) 
cannot be used in conventional heating as an alternative substrate due to their low 
glass transition temperature (Tg) [208]. In fact, expensive high performance 
polymers such as polytetrafluoroethylene (PTFE), poly(ether ether ketone) (PEEK)  
and polyimide (PI) have to be used as the substrate if conventional heating is 
used in this case. A faster alternative to selectively heat metal fillers for electronics 
manufacturing is to use microwave radiation [209].  
 
Perelaer et al [208,209] successfully sintered inkjet-printed Ag tracks on a PEN 
substrate using microwave flash sintering. The authors reported that the 
conductivity of the tracks reached up to 34% of the theoretical value of bulk Ag. 
The Ag nanoparticles were dispersed in organic solvents using surfactants which 
are used to stabilize the nanoparticle dispersion and to avoid agglomeration. After 
microwave flash exposure, most of this organic material was removed and the 
particles merged, i.e., sintered. The silver nanoparticles can still be distinguished 
individually before sintering. After microwave flash sintering, the nanoparticles 
coalesced and necks between particles can be observed in cross-sections.  
 
The authors also reported the effect of the initial resistance of the printed tracks on 
the final resistance after microwave exposure for different times. The microwave 
system operated at a frequency of 2.45 GHz and the power was set to its 
minimum of 1 W. Based on Figure 2-24, it is shown that when the flash time was 1 
second, Rafter can be significantly decreased (compared to Rbefore) only if the initial 
resistance (Rbefore) was below a threshold (10
5 Ω). Similarly, the threshold was 107 
Ω when the flash time was 60 seconds. Therefore, it is clear that longer exposure 
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times would even further increase this threshold value, i.e. longer sintering times 
are necessary for lowering the resistance of the tracks.  
 
 
Figure 2-24 Effect of the initial resistance (Rbefore) on the final resistance after microwave flash 
sintering (Rafter) [208] 
 
Thus application of microwave radiation for manufacturing is a novel and 
innovative technology with many advantages. Microwave assisted material 
processing is based on microwave heating associated with dielectric or magnetic 
properties of the materials. Selective heating is possible when microwaves are 
used, which is very useful for processing highly complicated and heat sensitive 
materials such as multilayer structures or devices for plastic electronic 
applications. Microwave assisted manufacturing technology is a multidisciplinary 
area, which encompasses basic science like physics and chemistry to applied 
science fields like electrical, mechanical, environmental, food engineering and 
biomedical [210]. Combination of these areas has made microwave assisted 
manufacturing technology extremely attractive for industries though challenging to 
understand fully.  
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Chapter 3  
3. FUNCTIONALISATION OF COPPER POWDER  
3.1. Introduction  
From the literature review, it can be seen that many researchers have attempted 
to make highly conductive, highly reliable Ag loaded pastes / inks and there are 
successful methodologies for producing high performance electronic devices after 
curing / sintering. However, a full investigation of using Cu micron particles as the 
metal fillers for electronic interconnect applications has not been reported. As 
discussed earlier. the difficulty with Cu is the non-conductive oxide that naturally 
forms on the surface that leads to high resistance contacts between the particles. 
In this work, the approach is to remove the surface oxide and apply a protective 
coating. These protected particles may then be used in the application of Cu filled 
ICAs.  
 
Figure 3-1 Schematic diagram of the oxidation protection of Cu powder particles  
 
In this work, SAM coatings were used for protecting the Cu, as these have 
previously been shown to be good barrier layers (Figure 3-1). The SAM chosen 
was based on octadecanethiol [ODT, HS-(CH2)17-CH3] following the previous work 
by Hutt and Liu [37]. The Cu oxide was removed using an acid treatment before 
the SAM was applied. The microstructure and the oxidation state of the Cu micron 
particles were characterised by field emission gun scanning electron microscope 
(FEG-SEM) and X-ray photoelectron spectroscopy (XPS).  
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This chapter describes the method used to functionalise the micron sized Cu 
particles and their initial characterisation before application in conductive 
adhesives which is described in subsequent chapters.  
 
3.2. Methodology and experimental procedures  
3.2.1. Materials  
The chemicals used in the work described in this chapter and their suppliers are 
shown in Table 3-1.  
 
Table 3-1 Chemicals and their suppliers for functionalisation of Cu micron particles 
Chemical Product Company 
Cu powder  Cu powder (spherical), average 
size ~ 10μm, 99% 
Sigma-Aldrich, UK 
Octadecanethiol (ODT) 1-octadecanethiol  Sigma-Aldrich, UK 
Hydrochloric acid (HCl) Hydrochloric acid, S.G.1.16 (32%) Fisher scientific, UK  
Ethanol  Ethanol absolute  Fisher scientific, UK  
Acetic acid  Acetic acid, 100%, pure (glacial) Sigma-Aldrich, UK 
 
3.2.2. Procedure for functionalisation  
The functionalisation procedure was originally devised by Dr Robert Litchfield 
within a research project at Loughborough University and has been improved in 
this project. The Cu powder (~ 50 g per batch) was mixed with HCl (~ 200 ml) in a 
1 L beaker. The acid solution was stirred using a magnetic stirrer for 1 h to remove 
the primary oxide layer. Further manual stirring using a glass rod was also 
occasionally used. Meanwhile, the ODT solution was prepared using 0.3 g of ODT 
(solid at room temperature) mixed with 250 ml of ethanol and magnetically stirred 
for 1 h.  
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The mixture of Cu powder and HCl was poured into a Buchner funnel mounted on 
a flask connected to a vacuum pump and rinsed with ethanol (~ 400 ml). As the 
last ethanol was passing through the filter, 50 ml of the ODT solution was added 
for the final rinse to give the Cu particles some protection before the next stage. 
Following this treatment, the ‘filter cake’ was transferred into a 300 ml glass 
beaker containing the remaining ODT solution to which 40 ml of acetic acid was 
added in order to strip away any oxides remaining. The solution was then stirred 
for 1 h. This was then filtered using the Buchner funnel and vacuum pump and 
rinsed again using ethanol (~ 400 ml). The filtered powder was transferred to a 
glass storage jar and allowed to dry in the air until the solvent was completely 
evaporated (~ 2 h) and then stored in a spark free freezer (-20 °C) for further use. 
The procedure is summarised in Figure 3-2.  
 
 
Figure 3-2 Flow chart of Cu micron powder functionalisation by ODT 
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3.2.3. SEM characterisation  
A Leo 1530VP (Carl Zeiss NTS Ltd., Cambridge, UK) field emission gun scanning 
electron microscope (FEG-SEM) was used for microstructure analysis. It is 
capable of analysing nano-scale samples and also equipped with energy 
dispersive X-ray spectroscopy (EDS) and electron backscattered diffraction 
(EBSD) capabilities in order to supply compositional analysis and topographic 
information simultaneously. The samples were mounted on SEM specimen stubs 
using conductive carbon disc tapes (12 mm dia, Agar Scientific, Essex, UK) and 
were coated with gold (Au) using a Polaron Emitech SC7640 sputter coater 
(Quorum Technologies Ltd, West Sussex, UK).  
 
3.2.4. XPS characterisation  
XPS spectra were recorded and analysed using a Thermo Scientific K-Alpha 
X-ray Photoelectron Spectrometer. The Cu powder was spread on a carbon disc 
and mounted on a stainless steel sample holder. A flood gun was used to prevent 
peak shifts due to charging. Monochromatised aluminium Kα radiation was used 
throughout the experiments. Several spectra were obtained from each sample 
using the parameters summarized in Table 3-2.  
 
Table 3-2 Scan parameters for XPS analysis 
 Element Pass energy (eV) Number of scans 
Survey scan N/A 200 10 
 
 
 
 
High resolution 
scans 
Copper 2p 50 5 
Copper auger 50 10 
Oxygen 1s 50 10 
Carbon 1s 50 5 
Sulfur 2p 
(For ODT coated 
samples only) 
 
50 
 
20 
Sodium 1s 
(For as-received 
samples only) 
 
50 
 
20 
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3.3. Results  
3.3.1. Particle size distribution of as-received Cu particles  
The particle size distribution of the as-received powder was obtained using a 
Laser diffraction particle size analyser: Malvern Mastersizer-2000 (Hydro 2000MU, 
Malvern Instrument Ltd, Worcestershire, UK). The particle size distribution is 
displayed in Figure 3-3. The red curve is plotted using the number percent against 
particle size and shows a narrow distribution with the largest number (~ 14%) of 
particles having a particle size of ~ 7 µm. The green curve, which plots the volume 
percent against particle size shows a slightly wider distribution and indicates that 
particles with a size of ~ 18 µm comprised the largest proportion of the sample 
volume (~ 9% of the total volume). There is no significant difference between 
these test results and the average particle size of the Cu micron powder of 
~ 10 µm provided by the supplier.  
 
 
Figure 3-3 Particle size distribution of as-received Cu particles 
 
3.3.2. Microstructure of Cu particles before and after functionalisation  
FEG-SEM images of as-received Cu powder and Cu powder functionalised with 
ODT are shown in Figure 3-4. Figure 3-4 (a) and (b) show general agreement with 
the average particle size of ~ 10 μm but the shape of the particles is not 
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particularly spherical. There is no significant difference between Figure 3-4 (c) and 
(d) and therefore, no significant damage or change in topography to the Cu 
powder surface was caused by the functionalisation.  
 
 
Figure 3-4 Cu micron particle (a) As-received, low mag; (b) After coating with ODT, low mag; 
(c) As-received, high mag and (d) After coating with ODT, high mag 
 
3.3.3. XPS of Cu particles before and after functionalisation  
A series of high resolution spectra of as-received and ODT coated Cu micron 
particles are shown in Figure 3-5. Note that in order to show both spectra in the 
same figure, a necessary offset was made in the y direction for clarity, but no 
correction with binding energy or background was made. In each of the spectra 
the positions of likely elemental oxidation states are indicated based on the data 
given by [211-213].  
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In Figure 3-5 (a), the Cu2p spectra are shown and consist of a doublet due to 
Cu2p3/2 and Cu2p1/2 at ~ 933 eV and ~ 952 eV. The XPS spectrum of as-received 
Cu micron particles shows a large intensity at ~ 933 eV due to Cu(0) or Cu(I) and 
a significant satellite peak due to the Cu(II) species at ~ 944 eV. However, the 
spectrum of the Cu micron particles after functionalisation shows no satellite peak, 
indicating the absence of Cu(II) oxide. The Cu auger spectra in Figure 3-5 (b) was 
used to differentiate the Cu(0) and Cu(I) species due to their overlapping peak in 
the Cu2p3/2 spectrum (~ 933 eV). The spectrum of the as-received powder 
indicates the presence of both Cu(I) and Cu(II) oxide due to the peak maxima 
located between the dashed and dotted lines in Figure 3-5 (b), while the ODT 
coated particles show a strong signal of Cu(0) with only a tiny peak which 
represents Cu(I) oxide. These results are supported by the O1s spectra in Figure 
3-5 (c). The as-received sample shows a clear peak, which indicates the presence 
of Cu2O and Cu(OH)2, while the ODT coated sample shows a negligible oxygen 
peak.  
 
In Figure 3-5 (d), compared to the as-received powder, the ODT coated powder 
shows significant enhancement of the C1s signal. In addition, for the ODT coated 
sample, this peak is very sharp, which is characteristic of the single carbon state 
of —CH2— and —CH3 in ODT. The presence of ODT on the surface is confirmed 
by the clear envelope in the S2p spectrum in Figure 3-5 (e) which is located at 
~ 163 eV and is representative of the S2p3/2 and S2p1/2 doublet (separation of 
1.2 eV) [214]. It is clear that the functionalisation procedure is highly efficient for 
the elimination of the original Cu oxide layer and it is also evident that the oxide 
free Cu micron powder coated with ODT monolayer was successfully achieved 
after functionalisation. Some sodium was observed in the as-received sample, 
presumably due to contamination during manufacturing, and this disappeared in 
the functionalised material.  
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Figure 3-5 XPS spectra of Cu micron particles as-received and with ODT coating 
[Note that Cu micron particles (as-received) did not show a sulfur signal and ODT coated Cu 
micron particles did not show a sodium signal] 
a) Cu2p region: The solid lines note the position of peaks due to Cu(0) and Cu(I) species 
while the dashed line represents Cu(II) species. The region between 948 ~ 942.5 eV 
(between two solid lines) represents Cu(I) species and the region between 944.5 
~ 941 eV (between two dashed lines) represents Cu(II) species.  
b) Cu auger region: The solid, dashed and dotted line note the position of Cu(0), Cu(I) and 
Cu(II) species respectively.  
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c) O1s region: The solid, dashed and dotted line represent the position of peaks for pure 
Cu2O, CuO and Cu(OH)2.  
d) C1s region: The solid lines represent CH2/CH3 species while the dashed line represents 
the position of carbonate. 
e) S2p region, only shown for the ODT coated Cu micron particles, the solid lines note the 
position of thiolate while the dashed lines note the position of sulfonate (—SO3).  
f) Na1s region only shown for the as-received Cu micron particles.  
 
3.3.4. Effect of freezer storage on oxidation of functionalised Cu micron 
particles  
As samples of functionalised powders were to be routinely stored in a freezer, the 
effect of this on the Cu powders was investigated. The XPS spectra of ODT 
coated Cu micron particles which were stored at -20 °C for 1 year compared to 
freshly made ODT coated samples as well as the as-received samples are shown 
in Figure 3-6. The Cu2p high resolution spectrum of the freezer stored sample 
shows no significant difference compared to the fresh particles. Compared to the 
fresh particles, the Cu auger spectrum of the freezer stored sample shows a lower 
peak intensity due to Cu(0) species and a slightly higher peak intensity due to Cu(I) 
oxide. This indicates that Cu(I) oxide had formed slowly during storage. Similar 
results can be observed in the O1s spectrum of the freezer stored particles with a 
low intensity envelope. Compared to the as-received particles, the amount of 
oxide remains at a very low level even after 1 year storage. In Figure 3-6 (d) and 
(e), freezer stored powder shows no significant difference compared to fresh ODT 
powder. It is evident that the ODT monolayer remains on the surface of Cu micron 
particles after 1 year of storage in the freezer. Furthermore, although some Cu(I) 
oxide formed during storage, the oxidation process was fairly slow and there was 
no evidence of Cu(II) species being formed.  
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Figure 3-6 XPS spectra of Cu micron particles as-received; with ODT coating; and after 
storage in the freezer for 1 year with ODT coating 
[Note that lines identifying the spectral positions of the various species are the same as those 
give in Figure 3-5 and Cu micron particles (as-received) did not show a sulfur signal] 
 
3.4. Discussion  
The morphology of the ODT coated Cu micron particles showed no significant 
difference compared to the as-received powder. The thickness of the ODT SAM 
coating can be calculated by the following equation:  
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𝑑𝑆𝐴𝑀 = 1.27𝑛 cos 𝜙…………3-1 
 
where 1.27 Å is the incremental distance per CH2 group in a trans-extended 
hydrocarbon chain, 𝑛 is the number of carbon atoms in the adsorbate, and 𝜙 is 
the angle the chain is canted from the surface normal (~ 12°) [35]. The theoretical 
value of the thickness of the ODT monolayer is therefore ~ 22.4 Å. This is very 
small compared to the average particle size of the Cu micron powders (~ 10 µm). 
Therefore, the morphology and particle size distribution of the Cu micron particles 
is not expected to be changed significantly after functionalisation. Furthermore, it 
appears that the initial HCl exposure and ethanol rinsing does not affect the 
powder morphology.  
 
Based on the XPS results presented in Figure 3-5, using the functionalisation 
procedure described, with ODT the SAM coating procedure was very effective and 
consistent and led to high quality Cu micron powder with extremely low oxygen 
content. Compared to the as-received powder, the XPS spectra show that the HCl 
etching process effectively removes the original Cu oxide layer and the 
contamination during manufacturing (such as sodium compounds). During the 
subsequent coating process, the bare Cu micron particles were not exposed to air 
before coating with ODT SAM to prevent re-oxidation. The significant intensity of 
the carbon signal and presence of sulfur signal in the XPS spectra after 
functionalisation are evidence that the ODT SAM was successfully applied on the 
Cu powder surface. It is clear that the functionalisation procedure used is highly 
repeatable and reliable to provide high quality oxide free Cu micron particles and 
was therefore used throughout this project.  
 
The XPS results presented in Figure 3-6 demonstrate the effect of freezer storage 
on ODT coated Cu micron particles. It is clear that the oxidation reactions of ODT 
coated Cu micron particles progressed fairly slowly at -20 °C. After 1 year storage 
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in the freezer, there was no significant re-oxidation of the Cu particles. The results 
indicate that the ODT SAM is capable of protecting the Cu micron particles under 
these storage conditions for a long time.  
 
These results are in agreement with those of other researchers [35,36,28] who 
have demonstrated that alkanethiolate SAMs, such as ODT, can be applied onto 
Cu surfaces and protect the Cu against oxidation when stored at low temperature 
or under ambient conditions. Previous research demonstrated that storage of Cu 
foil coated with ODT in a freezer at -30 °C prevented any detectable oxidation of 
the Cu even after 10 weeks and superior corrosion resistance of 1-dodecanethiol 
(DT) coated Cu rod was observed with only ~ 550 Å of oxide layer formation after 
7 days immersion in 0.51 M NaCl solution. The ODT SAM applied on the curved 
surface of the micron sized Cu particles therefore achieves similar oxidation 
resistance to relatively flat surfaces (such as foil and rod).  
 
The protection ability of the ODT SAM is provided by the oriented methylene chain 
molecules. The attached SAM molecules arrange themselves so as to maximize 
the van der Waals interactions between the methylene chains. The regular 
structure of the SAM monolayer acts as a barrier to prevent molecules such as O2 
or H2O penetrating through and re-oxidizing the Cu surface. At a low storage 
temperature (-20 °C), the monolayer is known to be better packed and the random 
molecular motion of O2 or H2O molecules in air is much slower than at room 
temperature. Therefore, the presence of the SAM monolayer and the low 
temperature storage slow down the oxidation reactions significantly.  
 
3.5. Conclusions  
It was evident that high quality ODT coated Cu powder with negligible oxygen 
content could be obtained following the functionalistion procedure described. The 
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XPS analysis showed that oxide free particles were obtained directly after 
functionalisation and only very little oxidation was observed during long term 
storage in a freezer. The ODT coated Cu micron powder was therefore used as 
the main metal filler for further study within this project.  
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Chapter 4  
4. ICA PREPARATION AND CONVENTIONAL CURING  
4.1. Introduction  
Having established an efficient coating procedure, the preparation of Cu micron 
size particle filled ICAs was then investigated. The aim was to create highly 
conductive Cu filled ICAs for electronic interconnect applications. In this case, the 
ODT protected Cu micron particles were suspended in a non-conductive adhesive 
which upon curing (typically at 150 °C) consolidated the material. It was 
anticipated that curing would cause the desorption of the ODT layer from the Cu 
surface (alternatively the ODT might break down to smaller molecules and 
evaporate) whilst the shrinkage of the polymer matrix pressed the bare metal 
particles together leading to electrical conductivity (Figure 4-1).  
 
Figure 4-1 Schematic diagram of the curing of an ICA  
 
In this study, the ODT SAM coated Cu powder (presented in the last chapter) was 
combined with two different types of thermally cured adhesive resin to form ICAs. 
The work presented in this chapter is an investigation of the conventional (hot 
plate) curing of these Cu filled ICAs to examine the resulting microstructure and 
subsequent electrical characteristics [215].  
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4.2. Methodology and experimental procedures  
4.2.1. Materials  
The chemicals used in the work described in this chapter and their suppliers are 
shown in Table 4-1.  
 
Table 4-1 Chemicals and their suppliers for curing of Cu filled ICAs 
Chemical Product Recommended 
conventional 
curing conditions     
Company 
Functionalised Cu micron 
powder  
N/A N/A N/A 
Electrically non-conductive 
adhesive 1  
(single part, resin A) 
Amine cured 
single part epoxy 
adhesive  
 
150 °C / 60 min 
Commercial 
supplier  
Electrically non-conductive 
adhesive 2  
(two-part,  resin B) 
Mixing ratio: 
Epoxy : Hardener = 10:1 
 
EPO-TEK® 
353ND 
 
150 °C / 15 min 
[104] 
 
Epoxy Technology, 
US 
Ag filled electrically 
conductive adhesive  
(two-part, Epoxy) 
EPO-TEK® 
H20E 
150 °C / 15 min Epoxy Technology, 
US 
 
4.2.2. Thermal analysis techniques and procedures (Without Cu filler) 
4.2.2.1. Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) was used to determine the degree of cure 
of the adhesive resins. It works by measuring the difference in the amount of heat 
required to increase the temperature of the sample under test and a reference 
sample (both of which are maintained at the same temperature during testing). A 
DSC 2920 calorimeter (TA Instruments, Crowley, UK) was employed with nitrogen 
(N2) used as the purge gas at a rate of 60 ml/min. 5 – 10 mg samples of the 
adhesives were used in these tests and heating was carried out at 10 K/min.  
Chapter 4                                                       ICA Preparation and Conventional Curing 
85 
 
4.2.2.2. Thermal gravimetric analysis (TGA) 
Thermal gravimetric analysis (TGA) was carried out using a TGA Q5000 IR 
instrument (TA Instruments, Crowley, UK). The sensitivity of the equipment is 
0.1 μg and the weight accuracy is ± 0.1% (the weight of the analysed sample was 
again 5 – 10mg). In this work a heating rate of 10 K/min was used. To simulate the 
curing conditions, an inert atmosphere (N2 atmosphere) was used during tests.  
 
4.2.3. Mixing and printing of Cu filled ICAs 
Paste A was prepared by combining the functionalised Cu micron powder with the 
single part adhesive (resin A) which were weighed using a KERN analytical 
balance (KERN ABS 220-4, UK, maximum weight 220 g, 0.1 mg sensitivity) in a 
plastic mixing cup. A batch size of 3 – 4 g was usually used with a typical Cu 
content of 85.7 wt% (although this was slightly varied for different trials). To 
achieve homogeneous mixing, the paste was mixed in a speed mixer 
(SpeedMixerTM DAC 150FVZ-K) at 2000 rpm for 2 min. The mixing procedures 
with the same Cu content were repeated for paste B which was formed by using 
the functionalised Cu powder together with two-part adhesive (resin B).  
 
The homogeneously mixed paste (A or B) was then deposited on approx. 25 × 25 
mm borosilicate glass substrates (a microwave transparent material) by manual 
stencil printing (shown in Figure 4-2) using a thin blade. The stencil was made of 
brass sheet with a thickness of 250 μm. The dimensions of the aperture used on 
the stencil were 20 mm in length and 2 mm in width. Once printed, these samples 
were then ready for conventional or microwave curing. A commercial Ag filled ICA 
(EPO-TEK® H20E) was also deposited using the same methods for comparison.  
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Figure 4-2 Schematic diagram of stencil printing 
 
4.2.4. Conventional curing of printed Cu tracks  
A well-sealed glove box with an argon (Ar) inlet and outlet (Figure 4-3) was used 
in this project in order to provide an inert atmosphere. An oxygen level of ≤ 2000 
ppm was used in the experiments to provide a low oxygen level that could be 
readily achieved if the process was to be transferred to industry. A temperature 
controlled hot plate was placed inside the glove box and was used as the heating 
source. An O2 analyser (Z210 Oxygen Analyser, Hitech Instruments, Luton, 
England) was connected to the glove box in order to monitor the O2 levels during 
the experiments.  
 
 
Figure 4-3 Glove box set up for conventional processing  
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The typical temperature/time profile for conventional (hot plate) curing is shown in 
Figure 4-4 (the hotplate was switched off after 60 min for paste A and 15 min for 
paste B). A thermocouple attached to the surface of the hotplate was used to 
measure the temperature of the hotplate, which was recorded every 30 s.  
 
 
Figure 4-4 Temperature-time profile for conventional (hot plate) heating 
 
Samples were placed on the cold plate while the atmosphere in the glove box was 
reduced to < 2000 ppm O2. The hotplate was then switched on and the 
temperature raised to 150 °C. The samples were then left to cure with samples of 
paste A usually dwelled for 60 min, while Paste B samples usually dwelled for 
15min. Samples were then removed from the hotplate and allowed to cool in the 
Ar atmosphere. The commercial Ag filled ICA was cured at 150 °C for 15 min 
using the same equipment and procedure but in air for comparison.  
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4.2.5. Electrical test measurements  
The resistances of the cured Cu tracks (R) were measured using the 4-point 
probe method. This uses current-carrying and voltage-sensing electrodes to 
record the resistance of the sample avoiding the effect of contact resistance and 
the impedance of probe connecting wires. A Keithley 580 micro-ohmmeter was 
used to measure the resistivity using the test method shown in Figure 4-5. Needle 
tipped probes were used in these measurements to minimise the contact 
resistance between the probes and the sample.  
 
The average measured dimensions of the stencil printed Cu tracks used for 
determining resistivity were:  
 
 Width (w) = 2 mm  
 Thickness (t) = 0.25 mm  
 
The measured resistance (R) was converted to resistivity (ρ) using the following 
equation:  
ρ = R ×
w×t
l
…………4-1 
 
 
Figure 4-5 Four point probe measurement for cured tracks  
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4.3. Results  
4.3.1. Thermal analysis of resins (Without Cu filler) 
4.3.1.1. DSC analysis  
Uncured or cured samples of resins A or B were heated in the DSC to 300 °C at 
10 K/min heating rate and the curve relating heat flow (mW/mg) and temperature 
was monitored and recorded.  
 
The DSC results of a sample of uncured resin A and a sample of conventionally 
cured resin A (150 °C for 60 min) are shown in Figure 4-6. For the uncured resin, 
there is a clear exothermic peak from 130 °C to 225 °C that indicates the 
crosslinking reactions of the resin. The small exothermic peak which starts from 
275 °C may indicate another small reaction at this temperature. The 
conventionally cured resin A at 150 °C however, shows no peak between 130 °C 
and 225 °C and a clear endothermic dip at around 110 °C which represents the 
glass transition temperature (Tg) of the conventionally cured resin. Similarly, the 
peak that starts from 275 °C may indicate another small reaction.  
 
 
Figure 4-6 DSC results of resin A (a) uncured; (b) after conventional curing at 150 °C / 60 min 
 
The DSC results for uncured pure resin B and conventionally cured resin B 
(150 °C for 15 min) are shown in Figure 4-7. For the uncured resin, there is a 
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sharp exothermic peak from 80 °C to 150 °C which indicates the crosslinking 
reactions of resin B and there is no clear evidence of other changes up to 300 °C. 
In Figure 4-7 (b), the dip shows that the Tg of the conventionally cured resin B is 
around 90 °C.  
 
 
Figure 4-7 DSC results of resin B (a) uncured; (b) after conventional curing at 150 °C / 15 min 
 
4.3.1.2. TGA analysis  
The thermal characteristics of resin A & B were investigated by TGA. To study the 
weight loss of the unfilled adhesives during the curing procedure, resin A was 
heated up to 150 °C in air at 10 K/min and held for 60 min. Resin B was tested 
under the same temperature and heating rate, but the dwell time used was only 15 
min. In addition, to monitor the weight loss until degradation of the adhesive, 
uncured adhesives were heated up to 400 °C in air at 10 K/min in a separate 
experiment.  
 
The TGA test results for initially uncured samples of pure resin A & resin B are 
shown in Figure 4-8 which indicates the weight loss up to 400 °C. For resin A, 
there is a clear weight loss starting from 150 °C to 225 °C which is 25% of the 
initial weight. The weight continues to decrease from 225 °C and the next 
considerable weight loss starts from 375 °C, indicating the degradation of the 
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adhesive. For resin B, it is clear that there was no significant weight loss from 
ambient temperature up to 300 °C. Notable weight loss started from 325 °C as the 
degradation temperature for resin B is 350 °C.  
 
 
Figure 4-8 TGA results of (a) resin A from ambient temperature to 400 °C; (b) resin B from 
ambient temperature to 400 °C 
 
To identify any weight loss during curing, samples of pure resin were tested using 
a simulated curing thermal profile. In this case, the samples were heated to 
150 °C at 10 K/min heating rate and then held for a period of time. The results for 
resin A are shown in Figure 4-9 (a). It is clear that there was a weight loss of 
around 25% of the initial weight when the sample was heated to and held at 
150 °C for 60 min. This result is in agreement with the weight change curve in 
Figure 4-8 (a). Evaporation of solvents or other organic liquids used in resin A for 
dispensing purposes is the most likely reason for the loss of weight. The TGA 
result in Figure 4-9 (b) was generated by curing pure resin B at 150 °C for 15 min, 
for which there was no significant weight loss as seen before.  
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Figure 4-9 TGA results of (a) resin A from ambient temperature to 150 °C and dwell for 60 min; 
(b) resin B from ambient temperature to 150 °C and dwell for 15 min  
 
4.3.2. Resistivity of cured adhesive tracks  
The conventionally cured Cu tracks made with pastes A and B are shown in 
Figure 4-10. There is no significant visual difference between these tracks other 
than the colour of the cured paste B is slightly darker than paste A. This is due to 
the colour of the resin B (hardener) which is brown, while the appearance of resin 
A is light yellow.  
 
 
Figure 4-10 Printed Cu tracks after conventional curing (a) paste A; (b) paste B 
 
The resistivity results for the conventionally cured samples (an average of 
typically 6 to 12 Cu tracks for each curing method) with the same Cu content 
(85.7 wt%) processed at 150 °C are shown in Figure 4-11. Both cured Cu filled 
ICAs showed good conductivity after curing, with the average resistivity of paste A 
(0.75×10-4 Ω·cm) lower than that of paste B (1.40×10-4 Ω·cm). For comparison, Cu 
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pastes were made using as-received Cu micron particles (without any 
functionalisation treatment) with both resins and these gave an open circuit after 
curing under the same conditions. The above results were obtained by curing 
under Ar. If samples with functionalised Cu were exposed to air during curing, this 
led to poor conductivity (typically an open circuit) of the resulting tracks.  
 
 
Figure 4-11 Resistivity of conventionally cured samples 
 
For comparison the commercial Ag paste (EPO-TEK H20E) was printed and 
cured (150 °C, 15 min, cured in air). The Ag paste showed a resistivity of 
0.87×10-4 Ω·cm which is in good agreement with the manufacturers specified 
value for this material and in line with other data presented in the literature 
[9,87,216]. This result indicates that the Cu filled ICAs made in this study have 
initial electrical properties comparable with Ag filled ICAs, although an inert 
atmosphere for curing is required.  
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4.4. Discussion  
Based on the DSC results for both resins, it is clear that they are fully cured by 
using the recommended curing conditions. To prove this, both resins showed 
disappearance of the crosslinking reaction peak (heat of reaction, △ HT) and clear 
observation of a Tg following the standard cure cycle. However, it was noticeable 
that the temperatures at which the resins started to cure (130 °C for resin A and 
80 °C for resin B) were lower than the recommended curing temperature and this 
will be discussed later on. It should be noted that DSC tests were also performed 
on samples of paste A and B which contained 85.7 wt% of Cu filler. However 
unreproducible results were obtained and △ HT was difficult to observe. This was 
because the weight of the DSC sample was only ~ 10 mg, but the Cu paste only 
contained 14.3 wt% of the resin which was only ~ 1.5 mg. The resin weight was 
therefore too small to obtain accurate DSC results.  
 
Based on the TGA analysis, resin B does not show significant weight loss during 
curing, while resin A shows a weight loss of ~ 25%. This may be due to the 
evaporation of a solvent, which was used to disperse the solid hardener into the 
single part resin A. The approximate density of resin A is 1.17 g/cm3. Therefore 
the volume shrinkage which was caused by the weight loss is expected to be 
~ 21%. This might be one of the additional driving forces that push the suspended 
Cu micron particles in contact. However, resin B does not show significant weight 
loss during curing and this could be one of the reasons that cured paste B shows 
higher resistivity than paste A (shown in Figure 4-11).  
 
It is also clear in Figure 4-11 that the resistivity of both Cu filled ICAs is 
comparable with a commercial Ag product. Zhao et al [217] reported that a 
spherical Cu powder (average size ~ 2.9 µm) treated with a SCA 
(3-glycidoxy-propyltrimethoxy silane) was used as the conductive filler mixed with 
SiO2 nanoparticles (toughening agent) and an epoxy (Cu content 65 wt%). The 
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resistivity of this conductive adhesive was 1.52×10-3 Ω·cm. Zhang et al [218] 
showed that the resistivity of an ICA (metal filler: 80 wt%) containing Ag coated Cu 
flake modified by SCA was 2.4×10-4 Ω·cm. Yim et al [110] claimed that a Cu filled 
ICA containing different size Cu particles [1 – 5 µm (40 wt%) with 30 – 40 µm 
(40wt%)] modified with SCA showed a resistivity of 7.5×10-4 Ω·cm.  
 
This work therefore indicates that the ODT coated Cu micron particles can be a 
potential alternative to Ag filler without compromising the final properties 
significantly and may be superior to previously reported alternatives. However, it 
has been shown that an Ar or other inert atmosphere is also required for curing as 
the Cu tracks showed no conductivity when cured in air.  
 
4.5. Conclusions  
Two kinds of electrically non-conductive resins were used as the base medium 
into which the functionalised Cu micron particles were added to compare and 
contrast the differences in electrical properties after conventional curing under 
their two different recommended curing conditions. The results of four point probe 
resistivity tests indicated that the resistivity of both conventionally cured Cu filled 
ICAs prepared in this way can be comparable with a commercial Ag filled ICA. 
The feasibility of using Cu filled ICAs for printed circuits was also demonstrated. 
The results presented above showed that the two kinds of Cu filled ICAs could be 
successfully prepared, printed and cured thereby providing a foundation for the 
subsequent investigations.  
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Chapter 5  
5. CONVENTIONAL AND MICROWAVE CURING OF COPPER FILLED ICAS 
5.1. Introduction  
Most electrically conductive adhesives are thermally cured and this step can be 
accomplished by conventional (furnace or hot plate) heating, laser exposure and 
microwave radiation [11]. For convenience, conventional curing has been widely 
used, especially for Ag based ICAs where exposure to air does not degrade the 
conductivity. As described in the literature review, for metallic particles the 
absorption of microwave energy strongly depends on the particle size. Cu 
particles with a particle size less than 1.3 µm are expected to absorb microwaves, 
while those larger in size will not to the same extent. Therefore in this case, as the 
Cu filled ICAs used Cu powder of average particle size ~ 10 µm, significant direct 
heating of the powder was not expected. However, as reported in the literature, 
microwave curing has been used to process thermoset polymers including 
epoxies and increased the rate of the polymerization, the so-called ‘microwave 
effect’. Thus, lower processing temperature and / or shorter processing time can 
be achieved by microwave processing without compromising the final properties 
of the polymer products. Therefore, it was worthwhile to investigate the microwave 
interactions with epoxy resins and highlight whether microwave radiation could 
help to make the curing process of Cu filled ICAs more compatible with low cost 
polymer substrates.  
 
The work presented here is a comparative investigation of the conventional (hot 
plate) and microwave curing of Cu powder filled ICAs to examine the effect on the 
heating mechanism, structure and subsequent electrical characteristics [97].  
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5.2. Methodology and experimental procedures  
5.2.1. Design of microwave system  
Microwave-assisted heating was performed using a modified microwave oven 
(MC8087ARS multimode cavity, LG, Milton Keynes, UK), which is capable of 
producing a continuous power output up to a maximum of 1000 W, operating at 
2.45 GHz frequency. As it was necessary to heat the ICAs under Ar, during the 
course of this research, two inert chamber configurations were used.  
 
The first configuration (configuration 1) consisted of a quartz tube as shown in 
Figure 5-1, 5-2 and 5-3. Stencil printed Cu tracks on glass (approx. 25 × 25 mm) 
were placed inside a high purity Al2O3 casket to minimize the heat loss (Figure 
5-1). A zinc oxide (ZnO) plate behind the sample was used as a moderate 
secondary susceptor. One side of the casket had a hole at the centre which 
allowed for the temperature measurement of the printed Cu tracks using a thermal 
imaging camera. The casket was loaded into the quartz tube which had fittings at 
each end to allow Ar gas to be flowed through and one fitting included a ZnS 
window for the thermal imaging camera. An oxygen analyser (Z210 Oxygen 
Analyser, Hitech Instruments, Luton, England) was also connected to the quartz 
tube to monitor the O2 level.  
 
Chapter 5                                          Conventional and Microwave Curing of Copper filled ICAs 
98 
 
 
Figure 5-1 Schematic diagram of equipment set up for microwave processing (configuration 1) 
 
 
Figure 5-2 Microwave system  
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Figure 5-3 Microwave oven with the Al2O3 casket positioned in the centre of the quartz tube 
 
Although the quartz tube provided a satisfactory Ar atmosphere during heating, 
the major drawback was that the sample had to be placed vertically which limited 
the capability of processing metal filled pastes / inks with low viscosity (compared 
to more viscous pastes such as resin A or B with 85.7 wt% of Cu filler). A new 
design of the microwave system (configuration 2), in which samples could be 
placed horizontally, is shown in Figure 5-4.  
 
Chapter 5                                          Conventional and Microwave Curing of Copper filled ICAs 
100 
 
 
Figure 5-4 Schematic diagram of the new equipment set up for microwave processing 
(configuration 2) 
 
 
Figure 5-5 New microwave system (configuration 2) 
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This used a Pyrex vessel (borosilicate glass, shown in Figure 5-5, special thanks 
to Dr Sina Saremi-Yarahmadi for his help during designing of the vessel) which 
had fittings on the top and bottom to allow Ar gas to be flowed through and one 
included a ZnS window (see later). The vessel was lined with glass wool as 
insulation. An Al2O3 casket was used to hold the sample but in this case, the top of 
the casket had a hole at the centre which allowed for the temperature 
measurement using the thermal imaging camera through the ZnS window. The 
PC was used to control the thermal imaging camera and record the 
temperature/time profile during curing. In addition, four SiC rods were used as 
additional secondary susceptors located evenly around the ZnO plate, which were 
used to focus the microwave power onto the sample.  
 
5.2.2. Temperature measurement and calibration  
A thermal imaging camera (ThermoVisionTM A40, Boston, USA) was used to 
measure the temperature distribution of the sample surface during heating. The 
resolution of the camera is 320 × 240 pixels and the working temperature range is 
-40 °C to 2000 °C. The resolution of the temperature measurement was given as 
± 0.1 °C and the spot measurement mode was chosen to measure and image the 
infrared emission from the object. The camera was linked to a PC so that the 
temperature was recorded using the ThermaCAM Researcher software 
automatically.  
 
As quartz and borosilicate glass are not transparent to infrared (IR) at the camera 
wavelength, a ZnS window was used in both configurations as an optic in front of 
the thermal imaging camera to seal the vessel. The reasons for using ZnS 
include:  
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 High transmission and low absorption to IR. The transmission of ZnS to IR 
with wavelength of 7.5 to 13 μm (the spectral range of the thermal imaging 
camera) is 75% – 80% [219] 
 High thermal and chemical stability below 300 °C [219].  
 Relativity low toxicity material.  
 
The measurements recorded by the thermal imaging camera were re-calibrated to 
account for the ZnS window set in between the camera lens and the sample. A 
ZnO pellet was used as a calibration material and was placed in the centre of the 
Al2O3 casket for these experiments. The microwave power was then increased 
gradually and the temperature of the ZnO pellet with and without the ZnS window 
in place was recorded using the thermal imaging camera each minute until the 
output power reached 50% (shown in Figure 5-6). The data points show the 
average temperature obtained from three calibration runs taken on one day (the 
calibration was also repeated periodically during the course of the project).  
 
 
Figure 5-6 Temperature calibration for the ZnS window  
(Note that the error limits are smaller than the data points) 
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It is clear that the temperature measurement was affected by placing the ZnS 
window in between the thermal imaging camera and the sample. The ZnS window 
did not significantly affect the temperature measurement up to 150 °C, but 
provided approximately 20% of IR attenuation above this temperature, which was 
accounted for in any experiments in this temperature region based on need using 
the data from Figure 5-6. This is most likely because at higher temperatures, a 
shorter peak wavelength of IR signal is produced by the object (sample) which 
was more absorbed by the window leading to the signal loss.  
 
Temperature calibration of the camera had previously been performed using the 
boiling point of water and also the melting point of V2O5 as described elsewhere 
[220]. The error in measurements was found to be within ± 5 °C. The emissivity 
was set at 0.65 during the experiment [207,221].  
 
5.2.3. Curing of Cu filled ICAs  
5.2.3.1. Conventional curing of Cu filled ICAs 
To study the effect of cure time and filler content, printed Cu tracks were 
conventionally cured using the glove box and hotplate configuration described in 
4.2.4. Paste A samples with 85.7 wt% Cu content were dwelled at 150 °C for 5, 10, 
20, 40 and 60 min. While paste B tracks with 85.7 wt% Cu content were dwelled at 
150 °C for 1, 5, 10 and 15 min. In order to study the effects of changing the Cu 
content, 80.0 wt% and 88.9 wt% Cu content samples were cured using the 
nominal conditions, i.e., for paste A, 150 °C for 60 min, whilst for paste B, 150 °C 
for 15 min.  
 
According to the information obtained from the technical data sheet, 80 °C is one 
of the suggested curing temperatures for resin B [104]. Some samples were cured 
at this temperature for up to 80 min and to investigate this aspect further, an 
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experiment with a two-stage conventional curing of paste B tracks with 85.7 wt% 
Cu content was also studied. In this case, the sample was heated up to 150 °C 
and dwelled for a very short time (less than 1 min). After that the samples were 
immediately removed from the hotplate and the setting temperature of the 
hotplate was then changed to 80 °C. After the hotplate cooled down to 80 °C, the 
sample was then placed back on the hotplate and cured for a further 40 min.  
 
5.2.3.2. Microwave assisted curing of Cu filled ICAs 
For both microwave processing configurations, the samples (printed as described 
in 4.2.3) were loaded into the Al2O3 caskets and placed in the vessel. Ar was then 
flowed until the O2 level was < 2000 ppm. Microwave power was manually 
increased at the start (maximum 10% per minute was used to avoid overheating) 
until the desired temperature was achieved and the power was then controlled 
manually by the operator to provide a constant temperature.  
 
 
Figure 5-7 Temperature-time profile of microwave and conventional curing of Cu filled ICAs for 
Paste A  
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The typical heating/cooling rate for microwave curing compared to conventional 
curing of Cu filled ICAs is shown in Figure 5-7. For microwave heating, the 
temperature was recorded (1 min per step) using the thermal imaging camera. 
Figure 5-7 shows that the heating rate of the hotplate was slightly quicker than 
microwave for the power levels used here, while the cooling rates of both methods 
were similar. The examples shown in Figure 5-7 were for curing paste A, for which 
the processing temperature was 150 °C and the dwell time was 60 min for 
conventional curing and 20 min for microwave curing. The same heating/cooling 
rates were applied for paste B but with different dwell times.  
 
Paste A tracks with Cu content of 85.7 wt% were cured in the microwave furnace 
at 150 °C for 5, 10, 15 and 20 min. For paste B tracks with 85.7 wt% Cu content, 
the samples were microwave cured at 150 °C for 1, 5, 10 and 15 min. For the 
80.0 wt% and 88.9 wt% Cu content samples, only the maximum curing times were 
chosen i.e., for paste A 150 °C for 20 min whilst for paste B, 150 °C for 15 min.  
 
Low temperature microwave curing for paste A samples with 85.7 wt% Cu content 
was also performed to investigate how much reduction in processing temperature 
could be achieved. In this case, the samples were dwelled at 100 °C for 10, 15, 20, 
30 and 40 min and at a curing temperature of 80 °C for 60 and 90 min.  
 
5.2.4. Microwave heating rate for Cu filled ICAs and ‘model’ resin system 
(Without secondary susceptor) 
Pure adhesives (resins A, B) and ICAs with different Cu filler levels were heated 
by microwaves to monitor the heating rate and investigate any ‘microwave effect’ 
on curing kinetics. Note that the ZnO (secondary susceptor) was not used in these 
particular tests to ensure that the resin was the only item to couple with the 
microwaves. In this case, all samples had a total mass of 0.7 g for consistency 
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and a constant microwave output power (10%) was used to determine its effect on 
the temperature profile of the different resin formulations.  
 
As the exact constituents of resins A and B were unknown due to their commercial 
nature, to investigate further the difference in microwave absorption between the 
two hardener systems, example adhesives based on standard amine and 
imidazole hardeners, and epoxy, were prepared without other additives. Both 
formulations were prepared from poly[(phenyl glycidyl ether)-co-formaldehyde] 
with average Mn~345 as the epoxy constituent. Resin C (representative of resin A) 
used m-phenylenediamine as hardener in a ratio of 4:1 epoxy to hardener, and 
resin D (representative of resin B) used imidazole (all chemicals sourced from 
Sigma Aldrich, UK) as hardener in a ratio of 10:1 epoxy to hardener. For 
comparison, 0.7 g of resin C or D was also heated up using the same procedure. 
 
5.2.5. Characterisation of printed Cu tracks 
A Talysurf CLI 2000 scanning surface topography instrument was used to 
measure the cross-section of printed Cu filled (85.7 wt%) adhesive tracks before 
and after conventional or microwave curing.  
 
As described in chapters 3 & 4, further characterisation using resistivity 
measurement, microstructure analysis, thermal analysis etc. were also performed.  
 
5.3. Results  
5.3.1. Comparison of conventional and microwave curing of printed Cu tracks  
Microwave curing was successfully carried out, leading to solid structures, and 
compared to conventional curing, reduced the cure time significantly. Microwave 
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cured Cu tracks made with pastes A and B with 85.7 wt% Cu content are shown in 
Figure 5-8.  
 
 
Figure 5-8 Printed Cu tracks after microwave curing (a) paste A at 150 °C / 20 min; (b) paste B 
at 150 °C / 15 min 
 
Curing of the printed Cu filled ICAs on glass under an Argon atmosphere led to 
conductive tracks. The resistivity of both conventional and microwave cured 
samples (paste A, typically 6 to 12 Cu tracks for each curing method) with the 
same Cu content (85.7 wt%) processed at 150 °C for different curing times are 
shown in Figure 5-9. It is clear that for both conventional and microwave cured 
samples, the resistivity decreased significantly with increasing curing time. For 
any given curing time, microwave cured samples always showed lower resistivity 
compared to conventionally cured samples, especially at 5 min where for 
microwave cured samples, the resistivity was 1.5×10-4 Ω·cm, while the 
conventionally cured samples for the same curing time still showed an open circuit. 
The resistivity of microwave cured samples saturated to the lowest value after 10 
to 15 min whereas the resistivity of conventional samples saturated after 40 to 
60 min. The resistivity of 20 min microwave cured samples and 60 min 
conventionally cured samples were comparable (around 0.75×10-4 Ω·cm), clearly 
suggesting that faster curing can be achieved by using microwave heating.  
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Figure 5-9 Resistivity of conventional and microwave cured samples of paste A for different 
curing time  
(Inset shows the same data plotted as conductivity vs. time where conductivity = 1/resistivity) 
 
To study the effect of different Cu powder content, the resistivity of 60 min 
conventionally cured and 20 min microwave cured samples with different Cu 
content (80.0 wt%, 85.7 wt% and 88.9 wt%) were recorded and shown in Figure 
5-10. The curing temperature remained the same (150 °C) in this experiment. As 
seen in Figure 5-10, it is obvious that for both conventionally and microwave cured 
samples, the resistivity decreases with increasing Cu content. Moreover, for 
particular Cu content, there was only a small difference in resistivity between 
conventionally and microwave cured samples.  
 
For paste A, faster curing could be achieved by microwave heating. In order to 
investigate the effect of microwaves on lower temperature curing, more 
experiments were performed for dwell temperatures of 80 °C and 100 °C. The 
resistivity results for 85.7 wt% Cu content samples cured in the microwave 
furnace at 80 °C, 100 °C and 150 °C are shown in Figure 5-11.  
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Figure 5-10 Resistivity of conventional or microwave cured samples of paste A with Cu 
content 
 
 
Figure 5-11 Resistivity of microwave cured samples of paste A as a function of curing 
temperature and time  
(Inset shows the same data plotted as conductivity vs. time where conductivity = 1/resistivity) 
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It can be seen that the resistivity of the samples cured at 100 °C and 150 °C using 
microwave heating decreased significantly as the curing time increased. The 
resistivity saturated to the lowest value after 10 to 15 min cure at 150 °C while it 
saturated to the lowest value after 20 to 30 min when cured at 100 °C. Moreover, 
the resistivity of the track that was cured at 150 °C for 20 min was comparable 
with the samples cured at 100 °C for 30 and 40 min. In contrast, Cu tracks cured 
at 100 °C for up to 120 min by the conventional method showed no conductivity 
(the resistivity was too high to be measured). Measureable resistivity was even 
obtained for samples microwave cured at 80 °C for 60 and 90 min, however, the 
results were not as satisfactory as that of the samples cured at higher 
temperatures.  
 
The resistivity of Cu tracks made from paste B was also investigated in detail. The 
results for both conventionally and microwave cured samples with the same Cu 
content (85.7 wt%), processed at 150 °C for different curing times are shown in 
Figure 5-12. It shows that for both conventionally and microwave cured samples, 
the resistivity decreases gradually when the curing time increases. However, in 
contrast to paste A as discussed previously (especially in Figure 5-9), in a 
particular curing time, microwave cured samples only show slightly lower or 
similar resistivity compared to conventionally cured samples, indicating that there 
was little or no acceleration of the reaction kinetics in this case. In addition, it is 
also clear that the resistivity saturates after 15 min for both conventionally or 
microwave cured samples.  
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Figure 5-12 Resistivity of conventional or microwave cured samples of paste B with different 
curing time 
 
 
Figure 5-13 Resistivity of conventional or microwave cured samples of paste B with Cu 
content 
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To investigate the effect of different Cu powder content, the resistivity results for 
15 min conventionally cured and 15 min microwave cured samples with different 
Cu contents (80.0 wt%, 85.7 wt% and 88.9 wt%) were measured and are shown in 
Figure 5-13. The curing temperature was maintained the same (150 °C) in this 
experiment. Similar to paste A, the resistivity decreases with increasing Cu 
content and there is no substantial difference in resistivity at a particular Cu 
content between conventionally and microwave cured samples.  
 
For resin B, 80 °C is another suggested curing temperature. Only conventional 
curing was carried out in this particular experiment as the difference in resistivity 
between conventional and microwave cured samples was not substantial for Cu 
tracks made with paste B. The resistivity of conventionally cured paste B at 80 °C 
for different curing times and a two-stage conventionally cured (150 °C for 1 min, 
then 80 °C for 40 min) paste B is shown Figure 5-14.  
 
 
Figure 5-14 Resistivity of low temperature conventionally cured paste B 
 
Chapter 5                                          Conventional and Microwave Curing of Copper filled ICAs 
113 
 
It is clear that for paste B cured at 80 °C for 40 and 80 min, the resistivity after 
curing could be measured, but it was ~ 20 times higher compared to the samples 
cured at 150 °C for 15 min. In contrast, the resistivity of the two-stage cured paste 
B had much lower resistivity compared to the samples cured at 80 °C and it was 
comparable to the samples cured at 150 °C for 15 min.  
 
5.3.2. ‘Microwave effect’ investigation  
5.3.2.1. Heating profile of Cu filled ICAs (Without secondary susceptor) 
The samples of paste A or B which were formulated with varying Cu contents were 
exposed to microwave radiation and their heating rates are shown in Figure 5-15. 
To further investigate the difference in microwave absorption between the two 
hardener systems in resin A and B, the heating rates of the example adhesives 
(resin C and D) were also measured and are shown in Figure 5-16. Note that the 
ZnO (secondary susceptor) and SiC (additional secondary susceptor) were not 
used in these particular tests to ensure that the resin was the only item to couple 
with the microwaves.  
 
Figure 5-15 clearly shows that the microwave heating rate of pastes A1 and A2 
was much faster than paste B1 to B6, indicating that the microwave absorption 
was greater for paste A. A similar result was obtained in Figure 5-16 where the 
‘microwave effect’ was more significant for resin C than resin D. It also shows that 
for both paste A and B, there was no significant difference in the heating rate when 
the Cu content was varied from 0 up to 85.7 wt%, thus indicating that the Cu 
micron particles did not substantially contribute to the heat generation, which was 
to be expected due to the average particle size (~ 10 µm) being much larger than 
the skin depth of Cu (~ 1.3 µm). 
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Figure 5-15 Microwave heating of Cu filled ICAs with different compositions 
 
 
Figure 5-16 Microwave heating of model adhesive formulations with two different hardener 
systems (resins C and D) 
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5.3.2.2. DSC analysis of resin A (Without Cu filler) 
DSC (as described in section 4.2.2.1) was used to investigate the microwave 
cured resin A in greater detail. Resin A was cured using different conditions and 
then analysed. DSC test conditions were a 10 K/min heating rate up to 300 °C. 
The curing conditions investigated were as follows:  
1) Microwave curing at 150 °C for 20 min  
2) Conventional curing at 150 °C for 20 min [as a comparison with (1)]  
3) Microwave curing at 80 °C for 60 min  
4) Conventional curing at 80 °C for 60 min [as a comparison with (3)]  
 
The DSC results for the resin A samples cured under the same conditions 
(150 °C / 20 min) using conventional or microwave heating is shown in Figure 
5-17.  
 
 
Figure 5-17 DSC results of resin A previously cured at 150 °C / 20 min  
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It is clear that for the conventionally cured sample, there are two significant 
exothermic peaks where the centre position of these two peaks is located at 
125 °C and 275 °C. Two exothermic peaks at the same position can also be 
observed for the microwave cured sample. However the peak located at 125 °C is 
much smaller compared to the conventionally cured sample. As mentioned in 
section 4.3.1.1 (Figure 4-6), the first exothermic peak indicates the melting of the 
remaining solid hardener followed by the crosslinking reactions of the resin. 
Compared to the conventionally cured sample, it is obvious that the exothermic 
peak located at 125 °C was significantly reduced for the microwave cured sample 
and indicates that the microwave cured sample had a higher degree of cure 
compared to the conventionally cured sample under the same conditions. In 
addition, an endothermic dip can be observed at around 80 °C that represents the 
Tg of the microwave cured sample. Based on these results, it is evident that resin 
A was cured much faster by microwaves which leads to the lower resistivity for 
microwave cured samples (shown in Figure 5-9).  
 
The DSC results of resin A samples cured at lower temperature (80 °C / 60 min) 
are shown in Figure 5-18. After curing at 80 °C for 60 min using conventional or 
microwave heating, the exothermic peak that represents crosslinking reactions 
can still be clearly observed in both cases although the intensities were lower 
[compared to Figure 4-6 (a)]. However, the peak position for the microwave cured 
sample was shifted to a lower temperature compared to the conventionally cured 
sample. In addition, there was no evidence of Tg in both cases. These results 
indicate that the crosslinking reactions of resin A cannot be completed at 80 °C 
within 60 min by conventional or microwave heating.  
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Figure 5-18 DSC results of resin A cured at 80 °C / 60 min 
 
5.3.3. Microstructure of printed and cured Cu tracks  
FEG-SEM was used to analyse the microstructure of paste A with 85.7 wt% Cu 
content at different stages of curing. Figure 5-19 provides the microstructures of 
the samples after conventional curing for 5 and 60 min and microwave curing for 5 
and 20 min. All images were taken with the same magnification and show the top 
surface of the sample. The differences in the percentage of resin area as well as 
the number of Cu particles visible across the different stages of curing can be 
observed. By using software called ‘ImageJ’, the SEM images were converted into 
black and white images with more contrast. The Cu particles appeared white, 
while the resin area appeared black (Figure 5-20). The percentage of resin area 
noticed after conventional or microwave curing in each FEG-SEM image was then 
calculated. The resin area determined for each image is given in Figure 5-21.  
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Figure 5-19 FEG-SEM images of paste A cured at 150 °C (a) 5 min conventional; (b) 60 min 
conventional; (c) 5 min microwave; (d) 20 min microwave 
 
 
Figure 5-20 Example FEG-SEM micrograph, (a) before modification using ImageJ; (b) 
modified using ImageJ 
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Figure 5-21 Resin area calculations for conventionally and microwave cured paste A at 150 °C 
 
From Figure 5-21, it can be seen that the percentage of resin area decreases 
significantly with increasing curing time for both methods and for a given curing 
time, microwave processed samples always showed lower resin area than 
conventionally cured samples. Moreover, the resin area shows a similar 
percentage for 10 min microwave cured samples and 40 min conventionally cured 
samples (~ 27%), and is similar as well for 20 min microwave cured samples and 
60 min conventionally cured samples (~ 20%), indicating the rapid kinetics of resin 
curing with microwaves. The reduction in the resin area is likely to be related to 
the weight loss seen in the TGA results of resin A presented earlier.  
 
The microstructure of low temperature microwave cured paste A with 85.7 wt% Cu 
content which was cured at 100 °C for 10 and 30 min and cured at 80 °C for 60 
and 90 min are shown in Figure 5-22.  
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Figure 5-22 FEG-SEM images of paste A microwave cured at (a) 100 °C-10 min; (b) 
100 °C-30 min; (c) 80 °C-60 min; (d) 80 °C-90 min 
 
Based on the resin area calculation, the percentages of resin area for 100 °C 
microwave cured samples are reduced from ~ 36% (after 10 min curing) to ~ 23% 
(after 30 min curing). The resin area of microwave cured samples at 100 °C for 
30 min is comparable to the samples which were microwave cured at 150 °C for 
20 min. These results correlate well with the resistivity results of low temperature 
microwave curing in Figure 5-11 in which similar resistivity values can be found for 
these two kinds of samples.  
 
The percentages of resin area for 80 °C microwave cured samples for 60 and 
90 min were ~ 38% and ~ 35% respectively. Thus, some resin area reduction can 
therefore be achieved with increase of processing time even when the processing 
temperature is only ~ 50% of the recommended value. However, the resistivity of 
these samples is still significantly higher than for high temperature cured samples. 
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The microstructure of paste B with 85.7 wt% Cu content cured using the 
conventional method at 150°C for 1 min and 15 min is shown in Figure 5-23 with 
the same magnification. In contrast to paste A in Figure 5-19, the average 
percentage of resin area did not change significantly with increasing curing time 
with the percentage of resin in Figure 5-23 (a) at ~ 56% and that in Figure 5-23 (b) 
at ~ 55%.   
 
 
Figure 5-23 FEG-SEM images of samples of paste B conventionally cured at 150 °C for (a) 1 
min; (b) 15 min 
 
5.3.4. Shrinkage measurement of printed Cu tracks 
The cross-sectional profiles of printed Cu tracks with 85.7 wt% Cu content were 
measured before and after conventional or microwave curing. Four positions were 
measured along the length of each track and the same samples and positions 
were measured before and after curing. Figure 5-24 shows the difference in 
cross-section area for paste A tracks before and after conventional curing at 
150 °C for 60 min while Figure 5-25 shows the variation before and after 
microwave curing at 150 °C for 20 min.  
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Figure 5-24 Cross-section of printed Cu tracks made using paste A (a) before; (b) after 
conventional curing at 150 °C for 60 min 
 
 
Figure 5-25 Cross-section of printed Cu tracks made using paste A (a) before; (b) after 
microwave curing at 150 °C for 20 min 
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It is clear that the printed Cu tracks made by paste A did not undergo significant 
shape change and no slumping occurred during either conventional or microwave 
curing. It was found that after conventional or microwave curing at 150 °C, the 
average cross-sectional area reduced from 0.58 ± 0.03 mm2 to 0.49 ± 0.02 mm2 
(there is no significant difference in this shrinkage between conventionally and 
microwave cured samples, though it is reached in a shorter duration in the 
microwave case). Theoretically, the total volume shrinkage due to the weight loss 
measured by TGA and reported in section 4.3.1.2 should be 21 vol% assuming a 
density of 1.17 g·cm-3 for resin A and allowing for the metal loading. Assuming 
isotropic shrinkage, this would correspond to a change in cross-section area of 
14 ~ 15% which is similar to the measured area change of 16% in these 
experiments.  
 
 
Figure 5-26 Cross-section of printed Cu tracks made using paste B (a) before; (b) after 
conventional curing at 150 °C for 15 min 
 
Compared to the paste A tracks, the shape of the cross-section changed 
significantly for paste B during curing, as shown in Figure 5-26, where clear 
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slumping can be observed after conventional curing. For paste B, the shrinkage of 
the cross-section was negligible before and after conventional curing at 150 °C for 
15 min which is in line with the absence of any weight loss measured by TGA as 
reported in section 4.3.1.2.  
 
5.4. Discussion 
Previous research [152] reported that the skin depth of Cu is ~ 1.3 µm for 
2.45 GHz microwaves. The functionalised Cu micron particles are therefore not 
expected to contribute to the heat generation significantly due to the average 
particle size (~ 10 µm) being much larger than the skin depth. This was confirmed 
by the results shown in Figure 5-15, where changing the Cu content of the pastes 
from 0 to 85.7 wt% did not alter the heating rate significantly.  
 
The resistivity results showed that paste A could be cured more rapidly using 
microwave heating while paste B showed very little difference between microwave 
and conventional curing. During the microwave curing, heating is achieved by a 
combination of conduction from the ZnO secondary susceptor positioned behind 
the glass substrate and by direct microwave heating of the ICA. The results of 
Figure 5-15 and Figure 5-16 were obtained without the ZnO in place and show 
how much coupling took place between the resins and microwave energy. As 
there was little or no coupling of the microwaves into the metal filler, and only resin 
A showed any significant heating by microwave exposure, it can thus be 
concluded that curing of paste B was accomplished largely by conduction from the 
ZnO susceptor and was therefore no different to hot plate curing, while paste A 
was cured by a combination of conduction and direct microwave heating.  
 
The resin-hardener combination (dielectric properties) and curing mechanism 
clearly affected the absorption of microwave energy. The observation that the 
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curing of paste A and resin C was accelerated by microwave heating is in line with 
those of other researchers who used DSC, FTIR and NMR to investigate the 
amine-epoxy reactions which showed clear evidence of a ‘microwave effect’ on 
epoxy curing [14,192,195]. The curing agent in resin A is an aromatic amine and 
the hardener selected for resin C was also an aromatic amine. According to 
Marand et al [193], during the conventional curing process, the epoxide groups 
will react with primary amine initially to create a secondary amine and an –OH 
group, both of which can then further react with other epoxide groups to further 
cross-link the resin. The secondary amine reaction is expected to be slower due to 
steric hindrance and this may be the rate determining step. Materials with higher 
dipole moment will have higher microwave absorption: previous studies [193] 
have shown that the dipole moment of epoxide is 7.6×10-30 C·m, with 
14.8×10-30 C·m for the primary amine and 12.6×10-30 C·m for the secondary 
amine. The higher dipole moments of the amine species indicate that these may 
both be better absorbers of the microwave energy leading to an increase in 
temperature, but this energy may also increase the reaction rate involving them. It 
was noticeable in the present study that not only was the microwave curing 
accelerated for the same sample temperature, but that using microwaves it was 
possible to cure paste A at a lower temperature of 100 °C when conventional 
curing had no effect.  
 
In contrast, paste B and resin D showed no significant microwave absorption and 
hence no effect on curing rate (see Figure 5-15 and Figure 5-16). In this case, the 
curing agent in resin B and resin D is an imidazole which is only expected to 
initiate the cross-linking reaction by opening an epoxide ring to form an –OH 
group that can subsequently open another ring on another molecule: once 
initiated, the reaction proceeds quickly [100]. During conventional curing, the 
reaction rate of an epoxide-imidazole is generally expected to be faster than 
epoxide-amine [100]. Based on the above, it would seem that this system does 
not absorb microwave energy significantly and due to the rapid epoxide reaction 
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that takes place, once started, additional microwave energy does not accelerate 
the process further.  
 
This phenomenon agrees with the DSC results which indicate that resin A can be 
cured much faster by microwaves at 150 °C compared to conventional curing. 
DSC also showed that the Tg of the sample microwave cured at 150 °C / 20min 
(shown in Figure 5-17) is lower than that of the sample conventionally cured at 
150 °C / 60 min [shown in Figure 4-6 (b)]. This is probably due to the degree of 
cure of the microwave sample still being slightly lower compared to the 
conventional sample and this is supported by the DSC curve of the microwave 
cured sample in Figure 5-17 with a small exothermic peak around the curing 
temperature. However, the microwave cured paste A showed lower resistivity 
compared to conventional curing in Figure 5-9 and it clearly indicates that the 
small difference observed in the DSC results does not affect the conductivity 
significantly. It also indicates that the degree of epoxy curing may not be the only 
factor which determines the final conduction properties of Cu filled ICAs.  
 
Another significant difference between paste A and B was the microstructure. It is 
interesting to note that the curves for both conventional and microwave curing in 
Figure 5-9 and Figure 5-21 for resistivity and resin area showed similar behaviour. 
It is clear that for paste A, that the lower the percentage of resin area remaining, 
the lower the sample resistivity. In particular, the amount of Cu “visible” at the 
surface of paste A appeared to increase during curing, while that of paste B, 
showed very little change. This can be explained by considering the weight loss 
and shrinkage measurements. Resin A showed significant weight loss and 
shrinkage during curing, while for paste B there was little weight loss during curing 
and the reduction of the cross-sectional area of the printed tracks was negligible. 
For comparison, the volume shrinkage of different ICAs (with no weight loss 
during curing) was measured by Li and Wong [8] and they reported that the 
average shrinkage of those ICAs was only 2 – 4 vol%. Paste A produced lower 
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resistivity tracks than paste B, despite both having the same metal loading of 
85.7 wt%. However, when the contribution of the 25 wt% resin loss within paste A 
is considered, the Cu content of the cured paste is expected to change to 
88.9 wt%, while that for paste B remains approximately unchanged. This higher 
effective metal loading may be one of the reasons that the resistivity of paste A 
was lower than paste B.  
 
Based on these observations, a plausible mechanism for the curing of paste A is 
proposed in Figure 5-27. Initially the ODT coated Cu particles are largely 
surrounded by resin with only small areas of the surface particles exposed, 
presenting a low Cu to resin ratio in the SEM images [e.g. Figure 5-19 (a) & (c)]. 
However as resin A cures, the weight loss leads to a decrease of volume such that 
the level of resin drops, exposing the previously covered Cu particles. This gives 
the impression of a higher Cu to resin ratio at the surface in the SEM images [e.g. 
Figure 5-19 (b) & (d)]. It is possible that this subsidence of resin is assisted by the 
non-wettable nature of the ODT coating, although it is expected that this would be 
degraded by the high temperature, enabling the Cu particles to make electrical 
contact. In contrast, for paste B, as there was no significant shrinkage during 
curing, the number of Cu particles observed at the surface did not change with 
increasing curing time.  
 
 
Figure 5-27 Schematic diagram of the suggested curing mechanism for paste A 
 
Of particular note in the results was the observation that using microwave heating, 
resin A could be successfully cured at a lower temperature (100 °C) than was 
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achievable using a conventional hot plate. Lower temperature microwave curing 
was also investigated by other researchers using a variable frequency microwave 
system (VFM) for polyimide based materials [15,222]. In that case, more than 
50 °C lower temperature processing could be achieved. With the drive for printed 
electronics towards lower cost, temperature sensitive polymer substrates, this 
result is significant as it offers a potential route towards the uptake of these 
materials in high volume applications.  
 
The exact mechanism of conductivity in ICAs is still under investigation, but is 
thought to involve shrinkage and/or removal of insulating coatings from the metal 
particles. Based on the close packing of monosize Cu particles in a volume of 
resin, the highest Cu content achievable is 95.6 wt% [223]. The Cu content used 
here was 85.7 wt% which means it is likely that many of the Cu particles (coated 
with ODT SAM) were located very close or even in contact with each other before 
curing. However, the presence of the ODT SAM and/or resin between the Cu 
particles prevents conductivity. The ODT SAM protective layer is thought to be 
removed during heating thereby enabling metal-metal contact between the 
particles: reports in the literature suggest complete degradation at 150 °C [17,45] 
and the onset of degradation at around 100 °C [44]. If the ODT layer is removed, it 
is unclear if it desorbs as complete molecules or breaks down into smaller species 
that mix with the resin during curing. It was noticeable in this study, that curing at 
temperatures as low as 80 °C did not lead to low resistivity, even with extended 
dwell times. Based on the DSC results in Figure 5-18, it is quite likely that the 
resins were not fully cured by conventional and microwave heating at this low 
temperature, due to insufficient activation of the reactions. However another 
possible explanation is that the ODT SAM protective layer may not have been 
removed at this lower temperature and presented a barrier preventing electrical 
contact. As a result, the reduction in resistivity when the curing time increased 
from 60 to 90 min at 80 °C was negligible. Some evidence for this mechanism can 
be seen in Figure 5-14 where paste B samples were heated briefly to 150 °C for 
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1 min and then further cured at 80 °C for 40 min. In this case, conductivity similar 
to a 150 °C cured sample was achieved. This may indicate the removal of the 
ODT coating associated with the resin cure. However this may also have affected 
the cure schedule and requires further investigation. The effect of ‘coating removal’ 
on resistivity of printed Cu tracks will be discussed further in chapter 6.  
 
5.5. Conclusions 
The effect of using conventional and microwave heating for curing different types 
of Cu filled ICAs was investigated. The results of 4-point probe resistivity tests 
indicated that for ICAs prepared from a single component resin (paste A), shorter 
processing time as well as lower curing temperature could be achieved by using 
microwaves without compromising the electrical performance. It was evident that 
the resistivity of samples microwave cured at 150 °C for 20 min or microwave 
cured at 100 °C for 30 and 40 min had comparable performance with samples 
conventionally cured at 150 °C for 60 min. It also agrees with the DSC results 
which indicate resin A can be cured much faster by microwaves at 150 °C. 
However, for ICAs based on a two-part resin (paste B), the curing rate and 
resistivity difference between samples using microwave and conventional heating 
was negligible. FEG-SEM images, cross-sectional area measurements and TGA 
showed that for paste A, there was a significant resin weight loss, leading to a 
reduction in the cross-section area of printed tracks and an apparent increase in 
the number of Cu powder particles identifiable at the surface of the sample. For 
both paste A and B, it is thought that the degradation of the protective ODT 
coating on the Cu powder during curing at elevated temperatures provided the 
possibility of metal-metal contact among the Cu particles leading to electrical 
conductivity of the cured ICAs. For paste A, microwave curing enabled lower 
temperatures to be used during curing, that gave similar conductivity to 
conventionally cured samples at higher temperatures. It can be concluded that the 
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lower curing temperature requirements of the microwave process can open up the 
possibility of fabricating Cu loaded ICAs on low cost, flexible, plastic electronic 
substrates, and can also lead to significant time / energy savings during 
manufacture.   
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Chapter 6  
6. THE EFFECT OF SAM COMPOSITION AND COPPER OXIDATION ON ICA 
RESISTIVITY  
6.1. Introduction  
The previous chapter has shown that the polymer matrix of ICAs can be cured by 
conventional or microwave methods. The Cu filler is an important component that 
contributes to the conductivity of Cu filled ICAs. A particular obstacle to the use of 
Cu is the non-conductive oxide that forms on the surface of the metal particles, 
which leads to high resistivity. As reported in the literature review, there has been 
significant investigation of methods for the protection of Cu surfaces from 
oxidation to enable its exploitation in Cu filled ICAs and Cu nano inks 
[39,110,224-226]. In chapter 3, it was demonstrated that oxide free Cu powder 
could be maintained after functionalisation with an ODT SAM. In this chapter, two 
different molecules [octanethiol (OT) and octadecanethiol (ODT)] are used to 
compare how the SAM coating chemical structure affects the oxidation resistance 
of functionalised Cu micron particles. From earlier work [227], SAM coatings have 
been shown to be sensitive to temperature due to, for example, the disruption of 
the relatively weak van der Waals interactions between the molecules. Phase 
changes and disturbance of the hydrocarbon chain arrangement above certain 
temperatures can lead to the reduction of the barrier properties of SAMs. The 
presence of oxide layers on the particle surfaces is likely to affect the conductivity 
of ICAs. The aim of this piece of work was twofold: first, to investigate the 
combined effect of both temperature and the hydrocarbon chain length of the SAM 
coating on the oxidation of Cu micron particles to be used as metal filler in ICAs; 
and secondly, to determine the influence of the partially oxidized Cu particles on 
the resistivity of the ICAs prepared from them.  
 
Chapter 6                                  Effect of SAM Composition and Copper Oxidation on ICA Resistivity  
132 
 
The previous chapter indicated that the SAM coating is probably removed during 
the thermal cure of the ICAs thereby leaving the Cu unprotected inside the resin. 
The electrical stability of Cu filled ICAs was therefore also investigated and 
considered with the combined effects of high temperature storage and humidity / 
temperature such as 85 °C / 85% RH.  
 
6.2. Methodology and experimental procedure  
6.2.1. Functionalisation of Cu with different alkanethiolate SAMs 
Cu powder was treated and preserved with an ODT SAM as described earlier in 
section 3.2.2. To investigate the effect of chain length, a different SAM i.e. 
octanethiol [OT, HS-(CH2)7-CH3, Sigma-Aldrich, UK] was also used to protect a 
sample of Cu powder particles. An uncoated Cu powder sample was also 
prepared for comparison. Similar procedures to those described in section 3.2.2 
were used and summarised in Figure 6-1.  
 
 
Figure 6-1 Flow chart of OT functionalised Cu powder and uncoated Cu powder 
(The procedure for ODT functionalised Cu powder is shown in Figure 3-2) 
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6.2.2. Artificial aging and XPS analysis of functionalised and unfunctionalised 
Cu micron particles  
Cu powders were aged in air to determine the effect of time and temperature on 
the oxidation level. The aging of the ODT functionalised Cu powders was 
performed in a laboratory oven dryer in air at temperatures of 60 °C, 80 °C and 
100 °C, for 1, 2 and 3 h. The OT functionalised Cu powders were aged in the 
same dryer at 60 °C and 80 °C for 1 and 2 h. Uncoated Cu powder was aged at 
60 °C for 1 and 2 h.  
 
XPS was used to follow the artificial aging test as it provides both quantitative and 
chemical state information. Spectra were recorded and analysed using similar 
procedures as described in section 3.2.4.  
 
6.2.3. Conventional curing of printed Cu tracks  
Fresh or aged Cu powder and resin B were mixed (with Cu content of 85.7 wt%) 
and deposited using the same stencil printing methods reported in section 4.2.3. 
The printed Cu tracks were then conventionally cured on a hotplate in a glove box 
under Ar atmosphere at 150 °C for 15 min. The resistance of the cured Cu tracks 
was then recorded by 4-point probe measurement.  
 
6.2.4. Reliability testing of printed Cu tracks  
A number of ICA samples were prepared using freshly made powders, combined 
with resin A or B, printed and cured according to the method described before 
(compositions and curing conditions are listed in Table 6-1). These were then 
subjected to reliability tests.  
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Note that the reliability test generally requires a large amount of samples per run. 
Therefore only conventionally cured Cu filled ICAs were tested in this chapter. The 
conventional curing method can produce up to 8 samples (see Figure 4-3) per 
cycle while only 1 sample can be made using microwave due to the size limits of 
the Pyrex vessel and Al2O3 casket (see Figure 5-5). The reliability of microwave 
cured samples is expected to be the same.  
 
Table 6-1 Compositions and curing conditions for the Cu tracks subjected to reliability tests  
Compositions Cu content Conventional curing 
conditions 
1. OT coated Cu mixed with resin A  
85.7 wt% 
150 °C for 60 min 
2. ODT coated Cu mixed with resin A 
3. OT coated Cu mixed with resin B 150 °C for 15 min 
4. ODT coated Cu mixed with resin B 
 
6.2.4.1. Storage at ambient conditions  
Printed Cu tracks were stored in the laboratory under ambient conditions. The 
resistivity of these tracks was monitored and recorded after storage for 2 months, 
5 months and 13 months.  
 
6.2.4.2. 85 °C / 85% RH test  
A Design Environmental Delta 190 70 H test chamber was used to test the 
samples. For PCB manufacture, a common test standard for reliability is exposure 
to 85 °C / 85% relative humidity (RH) for different periods of time [228]: this was 
therefore used here. The exposure times chosen were 6, 12 and 24 h for printed 
Cu tracks (compositions 2 and 4 in Table 6-1) with or without conformal coating 
(see section 6.2.4.3). The 85 °C / 85% RH test was also performed on a 
commercially available Ag product for the purpose of comparison.  
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6.2.4.3. Conformal coating on printed Cu tracks  
A one-component, air-drying, solvent-based tropicalised varnish (RS Components, 
UK) was used as a conformal coating. The cured Cu tracks made with fresh ODT 
coated Cu micron particles (compositions 2 and 4 in Table 6-1) were used to 
investigate the stability of Cu filled ICAs during 85 °C / 85% RH testing. The 
conformal coating was applied on top of the cured Cu tracks by dipping the 
samples directly into the varnish for 1 min and drying the coated samples for ~ 
60 min in the fume hood (shown in Figure 6-2).  
 
 
Figure 6-2 Dip coating and drying procedure of samples with conformal coating 
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6.3. Results  
6.3.1. XPS analysis of aged Cu micron particles 
6.3.1.1. Aging of ODT coated Cu micron particles 
A series of high resolution spectra of the ODT coated Cu powders after the 
various aging times and temperatures in air are shown in Figure 6-3, Figure 6-4 
and Figure 6-5. Note that a necessary offset of the spectra was made in the y 
direction for clarity, but no correction with binding energy or background was 
made. In each of the spectra the positions of likely elemental oxidation states are 
indicated based on the data given by [211-213].  
 
In Figure 6-3, for aging at 60 °C, the XPS spectra of freshly treated Cu micron 
powder showed no significant peak due to the Cu(II) species in the Cu2p 
spectrum, corresponding with no oxygen signal in the O1s spectrum. The Cu 
auger spectrum was used to differentiate the presence of Cu(0) and Cu(I) species 
as their signals overlap in the Cu2p spectrum. It was clear that the fresh Cu 
powder showed a strong Cu(0) signal with a negligible Cu(I) signal. From this, it is 
evident that oxide free Cu micron powder was achieved (in agreement with 
section 3.3.3). The strong carbon and sulfur signals again indicated that the ODT 
monolayer was successfully applied to the Cu surface.  
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Figure 6-3 XPS spectra of ODT coated Cu micron powder aged at 60 °C 
a) Cu2p region: The solid lines note the position of peaks due to Cu(0) and Cu(I) species 
while the dashed line represents Cu(II) species. The region between 948 ~ 942.5 eV 
(between two solid lines) represents Cu(I) species and the region between 944.5 ~ 
941eV (between two dashed lines) represents Cu(II) species.  
b) Cu auger region: The solid, dashed and dotted line note the position of Cu(0), Cu(I) and 
Cu(II) species respectively.  
c) O1s region: The solid, dashed and dotted line represent the position of peaks for pure 
Cu2O, CuO and Cu(OH)2.  
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d) C1s region: The solid line represents CH2 / CH3 species while the dashed line represents 
the position of carbonate. 
e) S2p region, the solid lines note the position of thiolate while the dashed lines note the 
position of sulfonate (—SO3).  
 
After aging at 60 °C, there is no clear evidence that Cu(II) formed and it also 
shows that there is no significant change in the Cu2p region with 3 h aging at 
60 °C. However, in the Cu auger peak of Figure 6-3 (b), the peak due to Cu(0) 
decreases in intensity while the peak due to Cu(I) increases, corresponding with 
the increase in intensity of the peaks due to Cu(I) oxide species in Figure 6-3 (c), 
which demonstrates that Cu(I) formed during aging at 60 °C. There is no clear 
evidence that sulfonate formed and, compared to the fresh sample, the carbon 
peak did not change significantly during aging at 60 °C for 3 h.  
 
After aging at 80 °C for 1 h (Figure 6-4), a weak satellite can be observed in the 
region which represents Cu(I) species (between 948 ~ 942.5 eV) and the weak 
satellite moves toward ~ 942 eV, which represents Cu(II), as the powder is aged 
for 3 h. The Cu auger envelope becomes a single peak located at ~ 570 eV after 
aging for 2 h and the Cu(0) peak completely disappears which indicates the loss 
of Cu(0) and the formation of Cu(I). In the O1s spectra as aging time is increased, 
the peak due to Cu(I) oxide species is significantly broadened and it is clear that a 
new peak forms at ~ 532 eV which indicates the formation of Cu(OH)2 after aging 
for 2 h. The S2p spectra show the intensity of the thiolate envelope decreases 
with increasing aging time, especially after 2 h aging. This may reflect the 
oxidation of some thiolate which is indicated by formation of a new peak in the 
sulfonate region. This behaviour has also been observed by Tarlov et al [229] and 
Hutt and Leggett [38], who have attributed this feature to sulfonate. No peaks can 
be observed at ~ 165 eV indicating that none of the S atoms were partially 
oxidised to sulfinate. Throughout there is no significant change in the carbon 
spectra, except for a small reduction in size.  
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Figure 6-4 XPS spectra of ODT coated Cu micron powder aged at 80 °C 
[Note that lines identifying the spectral positions of the various species are the same as those 
given in Figure 6-3] 
 
Chapter 6                                  Effect of SAM Composition and Copper Oxidation on ICA Resistivity  
140 
 
 
Figure 6-5 XPS spectra of ODT coated Cu micron powder aged at 100 °C 
[Note that lines identifying the spectral positions of the various species are the same as those 
given in Figure 6-3] 
 
After aging at 100 °C (Figure 6-5), obvious peaks due to Cu(II) species can be 
observed; both the main peak at ~ 934 eV and the shake-up peak at ~ 942 eV (the 
shake-up peak is caused by the outgoing photoelectron exciting an additional 
electron to a higher energy state which reduces the kinetic energy of the emitted 
photoelectron; hence the shake-up peak appears at higher binding energy). This 
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corresponds with broadening of the envelope in the Cu auger spectra, which shifts 
to ~ 568 eV, indicating the formation of Cu(II) species. In Figure 6-5 (c), the O1s 
peak, which indicates Cu(OH)2, can be clearly observed. The decrease in intensity 
of the thiolate envelope represents the loss of thiolate during aging and a new 
peak can also be observed in the sulfonate region, although with low intensity, 
which represents the decomposition and/or oxidation of the ODT SAM. The 
significant reduction of carbon signal in Figure 6-5 (e) especially for 3 h aging, 
represents the loss of carbon atoms which also indicate a desorption / 
decomposition process for the ODT SAM. In addition, the new peak at ~ 288 eV 
indicates the formation of carbonate species [230]. Chandekar et al [44], reported 
that the ODT SAM on Au surface starts desorbing / decomposing from 110 ± 10 °C 
and the chain length of the SAM has a significant effect on thermal stability. The 
aging temperature used in the experiment here is clearly near the desorbing / 
decomposing temperature of ODT on Cu.  
 
6.3.1.2. Aging of OT coated Cu micron particles 
The high resolution spectra of OT coated Cu micron powders after various aging 
conditions are shown in Figure 6-6 and Figure 6-7.  
 
According to the spectra of the fresh made powder, the auger peak ratio of Cu(I) 
and Cu(0) in Figure 6-6 (b) and Figure 6-7 (b) has significantly increased 
compared to the spectra of fresh ODT coated samples. It is clear that Cu(I) forms 
in these layers, probably during the final drying at room temperature of the Cu 
powder after functionalisation, with evidence of a clear peak due to Cu(I) oxide 
species in the fresh spectrum in Figure 6-6 (c) and Figure 6-7 (c).  
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Figure 6-6 XPS spectra of OT coated Cu micron powder aged at 60 °C 
[Note that lines identifying the spectral positions of the various species are the same as those 
given in Figure 6-3] 
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Figure 6-7 XPS spectra of OT coated Cu micron powder aged at 80 °C 
[Note that lines identifying the spectral positions of the various species are the same as those 
given in Figure 6-3] 
 
With increasing aging time at 60 °C, similar observations can be found in Figure 
6-6 compared to the spectra of ODT coated Cu powder after aging at 60 °C in 
Figure 6-3. However due to the reduced protection capability of the OT SAM, the 
peak intensity due to the Cu(I) oxide species increases more significantly. After 
aging at 80°C for different times (Figure 6-7), a clear satellite representing Cu(I) 
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species and an indication of a new satellite which represents Cu(II) species, can 
be found in Figure 6-7 (a). In addition, the Cu auger envelope has merged into a 
single peak located at ~ 570 eV after aging for 1 h. A clear peak at ~ 532 eV due to 
the formation of Cu(OH)2 can also be observed in the O1s spectra. Corresponding 
to this, the intensity of the thiolate envelope decreases in the S2p spectra and a 
peak at ~ 168 eV due to sulfonate species increases because of the oxidation of 
the OT SAM. In the C1s spectra, a peak at ~ 288 eV can be observed which 
indicates the formation of carbonate species.  
 
6.3.1.3. Aging of uncoated Cu micron particles 
As a comparison to the alkanethiol coated copper, a sample of copper powder 
which underwent the initial HCl etching treatment but did not receive the 
subsequent SAM deposition was prepared. This powder was stored in the freezer 
for ~ 15 h in the same way as the SAM coated powders and samples were aged at 
60 °C. The high resolution spectra of these samples after various aging times are 
shown in Figure 6-8.  
 
Figure 6-8 clearly shows the presence of Cu(I) and Cu(II) species in both the 
freshly made and the aged samples. The freshly made sample shows a clear 
satellite in Figure 6-8 (a), which represents Cu(I) oxide. The satellite moves 
gradually toward ~ 942 eV [Cu(II) satellite] with increasing aging time. It is evident 
that the bare Cu powder with average 10 µm size is oxidized fairly quickly under 
ambient conditions and relatively low temperature.  
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Figure 6-8 XPS spectra of uncoated Cu micron powder aged at 60 °C 
[Note that lines identifying the spectral positions of the various species are the same as those 
given in Figure 6-3] 
 
6.3.2. Comparison of oxidation rates  
The atomic percentages of copper and oxygen for all the samples shown in Figure 
6-3 to Figure 6-7 were determined based on the peak areas of the specific 
elements from survey scans using the Avantage™ data system and used to 
calculate O/Cu ratios. The variations of these O/Cu ratios as a function of aging 
time for the different coatings are shown in Figure 6-9, which shows that the 
freshly ODT coated samples were oxide free but the OT coated and uncoated 
samples contained considerable oxide immediately after functionalisation. The 
oxidation of the OT coated powder was also greater than ODT coated powder at 
60 and 80 °C when the aging time is shorter than 2 h.  
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Figure 6-9 Variation in O/Cu atomic percent ratio with different aging time for different SAMs 
 
6.3.3. Effect of Cu oxidation on resistivity of Cu filled ICAs 
To investigate the effect of Cu filler oxidation on the resistivity of Cu filled ICAs, all 
the Cu powder samples used for XPS analysis above were also formed into ICAs 
with resin B. This was completed within 1 h of the XPS measurement. The 
resistivity of cured tracks against the O/Cu ratio of the powder used is shown in 
Figure 6-10.  
 
The cured Cu track made with the as prepared ODT coated Cu filler gave a low 
resistivity of around 1.5×10-4 Ω·cm, as seen earlier in section 4.3.2.  
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Figure 6-10 Resistivity of printed Cu tracks as a function of O/Cu ratio of the Cu powder filler 
 
There is a clear separation of the data in Figure 6-10 into two groups. For O/Cu 
ratios below 1.0, the resistivity of the cured ICAs is not significantly affected. This 
seems to indicate that a certain amount of oxide species with relatively low 
concentration can be tolerated. However, when the O/Cu ratio rises above 1.0, i.e., 
the concentration of oxide species is quite significant, the resistivity becomes less 
predictable and with a small increase in the O/Cu ratio there can be a tremendous 
increase in the resistivity. The resistivity of the Cu tracks made with ODT coated 
Cu powder that had been aged at 100 °C for 2 and 3 h were too high to be 
measured.  
 
To further investigate the influence of oxide species on the resistivity of the Cu 
filled ICAs, the individual O1s peak areas attributed to Cu(OH)2 which represents 
Cu(II) species, and Cu2O which represents Cu(I) species, were calculated using 
the Avantage™ data system based on the high resolution XPS spectra of the O1s 
region. The resistivity of cured Cu tracks against the peak area ratio is shown in 
Figure 6-11.  
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Figure 6-11 Resistivity of printed Cu tracks as a function of peak area ratio of Cu(OH)2 [Cu(II) 
species] over Cu2O+Cu(OH)2 [Cu(I)+Cu(II) species] based on O1s high resolution spectra of 
the Cu powder filler 
 
Compared to Figure 6-10, a similar data distribution can be observed in Figure 
6-11. It shows that the resistivity does not change significantly with the existence 
of a low concentration of Cu(II) species (below 20 at% of all copper oxide). 
However, when the concentration is above 20 at%, the resistivity increases 
dramatically due to the intrinsic insulation property of the Cu(II) species.  
 
6.3.4. Resistance stability of printed Cu tracks  
6.3.4.1. Storage under ambient conditions  
The resistivity of conventionally cured Cu tracks made using paste A and B during 
long-term storage at ambient conditions was recorded and is shown in Figure 
6-12.  
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The resistivity of the Cu filled ICAs only increased slightly during 13 months room 
temperature storage. Pastes based on resin A always show lower resistivity 
compared to paste B. For both pastes, the samples with ODT coated Cu filler 
show lower resistivity than those with OT coated Cu filler throughout the 
experiment.  
 
 
Figure 6-12 Resistivity of tracks made with Cu fillers with different SAM coatings under 
ambient storage conditions  
 
6.3.4.2. 85 °C / 85% RH test  
The change of resistivity versus aging time at 85 °C / 85% RH of tracks made from 
paste A, paste B and the benchmark commercial Ag material (conventionally 
cured at 150 °C for 15 min in air, as comparison) is shown in Figure 6-13.  
 
It is clear that the commercial Ag tracks remain unchanged after 24 h at 85 °C / 85% 
RH (Ag filled electrically conductive adhesives have been shown to survive up to 
100 h without significant degradation in conductivity [8]). Figure 6-13 also shows 
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that for conventionally cured paste A without conformal coating, there was no 
substantial change in resistivity within 6h in this test while for paste B, there was a 
significant increase in resistivity during these 6 h. For both Cu filled ICAs, the 
changes started from 6 h aging and serious changes can be observed beyond 
12 h aging. It can also be seen that by applying the conformal coating, the stability 
of both Cu filled ICAs can be significantly improved. The resistivity of the coated 
samples aged at 85 °C / 85% RH for 24 h was dramatically lower compared to the 
uncoated samples. However, slight degradation can still be observed after 24 h 
aging.  
 
 
Figure 6-13 85 °C / 85% RH test  
(Note there is a break between 10 – 70 in the y axis) 
 
6.4. Discussion  
Based on the results presented, using the preparation procedure described, with 
ODT the SAM coating procedure was very effective and consistent and led to 
micron sized Cu powder with extremely low oxygen content. However, readily 
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detectable Cu(I) oxidation of the freshly prepared samples of OT coated powder 
rapidly occurred presumably due to exposure to air at room temperature during 
drying and to a lesser degree through storage in the freezer prior to analysis. 
Despite this, it was still significantly better than uncoated Cu that showed Cu(II) 
features for the same treatment time and conditions. It is clear that the ODT 
coated powder was oxidized gradually at 60 °C while significant oxidation 
occurred after 2 h aging at 80 °C and after 1 h or even shorter aging at 100 °C. 
Thiol desorption / degradation was also evident at 100 °C.  
 
It is also noticeable that the O/Cu ratio of heavily oxidized samples saturated at 
around 1.5. This value equals neither the Cu(I) nor the Cu(II) species, but is to be 
expected as the volume sampled by XPS will contain Cu(0), Cu(I) and Cu(II) 
species. Carbon and sulfur were also oxidized during aging, which was evident by 
the observation of sulfonate and carbonate in the XPS spectra. A significant 
reduction of carbon signal could be observed in the spectra when the aging 
temperature reached the desorption / decomposition temperature (100 °C). The 
powder therefore lost protection fairly quickly at this temperature leading to further 
oxidation. No significant loss of carbon signal could be found at the lower aging 
temperatures, suggesting that during aging at these temperatures below the 
desorption / decomposition temperature, localised disorientation of the SAM 
coating occurs, leaving a less dense structure which then leads to further 
penetration of O2 and the oxidation of Cu.  
 
Clearly, the alkanethiol coating chain length (ODT or OT coating used in this study) 
significantly affects the oxidation rate of the Cu micron particles which strongly 
influences the resistivity of the Cu filled ICAs. The coatings demonstrated that 
certain protection ability was successfully applied to prevent the Cu micron 
particles from oxidation. Temperature is one of the major concerns that determine 
this oxidation protection ability.  
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a) At a fairly low aging temperature (60 °C), the structure of the coating layer is 
not disturbed significantly. However, the random molecular motion of O2 or 
H2O molecules in air is more vigorous than at room temperature. At 60 °C, the 
penetration of the O2 or H2O molecules through the coating layer is therefore 
easier but the concentration of those molecules is still low. Therefore, only 
Cu(I) oxide species can be found in the XPS spectra of samples coated by 
ODT or OT SAM after aging at 60 °C.  
b) At a medium aging temperature (80 °C), the O2 or H2O molecules will move 
faster and more importantly, the disorientation of the SAM layer will be 
significant, as the temperature is approaching the SAM desorption / 
decomposition temperature and the van der Waals forces between the SAM 
molecules becomes weaker. Therefore, the combination of Cu(I) and Cu(II) 
oxide species can be observed in the XPS spectra of ODT and OT coated 
samples aged at 80 °C. Moreover, other elements such as sulfur and carbon 
also show slight oxidation after aging. These results agree with 
Bensebaa et al [231] who reported that the onset of non-reversible disordering 
occurred at ~ 80 °C for long chain n-alkanethiol (C15 and above) on a Au 
substrate.  
c) At high aging temperature (100 °C), approximately the desorbing / 
decomposing temperature of the ODT SAM, the monolayer is highly 
disordered. The XPS results demonstrate a significant reduction of sulfur and 
carbon as well as obvious oxidation of these two elements which may indicate 
the decomposition and oxidation of the SAM molecules. There is a possibility 
that the highly disordered and/or broken monolayer leaves several open areas 
for O2 or H2O molecules to oxidize the bare Cu surface directly. Therefore, the 
ODT coated particles become oxidized very quickly under this condition. 
Schlenoff et al [232] reported that for an ODT coated Au surface, the 
desorption of ODT started at ~ 110 °C and 50% desorption was observed after 
heating from ambient conditions to 160 °C at 2 K/min.  
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The OT coated Cu powder always shows a higher O/Cu ratio compared to ODT 
coated powder for the same aging conditions. This indicates that the greater 
disorder of the shorter OT SAM makes Cu oxidation more likely and the ODT SAM 
has better thermal stability than the OT SAM. The higher aging temperature leads 
to the disorder of regularly arranged SAMs, which can accelerate the oxidation of 
Cu particles. Similar results were obtained by Prathima et al [227] who concluded 
that the temperature when significant disorder occurred for an ODT SAM on the 
Au surface was ~ 40 °C higher than for an OT SAM.  
 
The XPS spectra also show that for the samples which contain an O/Cu ratio 
higher than 1.0, the significant formation of Cu(II) oxide species is always clearly 
observed at the surface. The resistivity of ICAs prepared from these samples was 
much higher than those which contained only Cu(I) oxide species. This 
phenomenon can be partially explained by reference to the literature which shows 
that Cu(I) oxide (Cu2O) is a semiconductor [233] whereas Cu(II) oxide [CuO or 
Cu(OH)2] is a typical insulator [234,235]. The presence of a high resistance layer 
on the surfaces of the particles will reduce conductivity significantly. A recent study 
by Kurosu et al [126], reported that electric current could be detected when a thin 
insulator layer (epoxy, 40 – 980 nm) was sandwiched between two Ag electrodes. 
The authors claimed that the current appeared to be caused by the application of 
a strong electric field (similar to electrical breakdown) rather than a tunnelling 
effect which would only be valid for the case of a very thin insulator (i.e., at the 
nano scale). Further investigations are needed to understand the conduction 
mechanisms for Cu filled ICAs at the nano scale.  
 
It can be concluded that the ODT SAM has better protection ability than the OT 
SAM and it was evident that the fresh made ODT coated Cu particles contained 
less oxide. This then leads to lower resistivity of the tracks made of ODT SAM 
coated Cu filler compared to those made of OT SAM coated Cu filler throughout 
all the stability tests carried out under ambient conditions. The resistivity of the Cu 
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tracks increased slightly after the long-term storage, which is probably because a 
small amount of oxygen and water is still able to penetrate through the resin layer 
even when it is fully cured and slowly oxidises the bare Cu micron particles from 
which the OT or ODT SAM protection layer is believed to have substantially 
degraded after curing at 150 °C.  
 
85 °C / 85% RH is a much more aggressive storage environment compared to 
ambient conditions. For the Cu tracks without a conformal coating, the resistivity 
increased significantly during the 85 °C / 85% RH test presumably due to the 
considerable oxidation of the Cu particles. As the ODT layer on the Cu particles 
was initially decomposed after curing at 150 °C, the unprotected Cu particles 
within the adhesive can be significantly oxidized by the large amount of oxygen 
and water available at 85 °C / 85 RH. Therefore, the resistivity of the Cu track 
increases significantly under these conditions.  
 
The stability of the conventionally cured Cu tracks without conformal coating was 
unsatisfactory. The conformal coating used contains acrylic, which is widely used 
in industry as a moisture barrier [117]. The results of 85 °C / 85% RH tests showed 
that this is a possible protective coating and successfully increased the stability of 
the Cu filled ICAs.  
 
6.5. Conclusions  
Two kinds of thiol based SAM coating with different hydrocarbon chain length 
were applied to Cu powder with an average particle size of ~ 10 µm. The XPS 
spectra of ODT coated powder, OT coated powder and uncoated powder were 
obtained after thermal aging under different conditions. For ODT coated powder, 
severe oxidation with clear formation of Cu(II) was observed after aging at 80 °C 
for 2 h and 100 °C for 1 h. For OT coated powder, formation of Cu(II) could be 
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found after aging at 80 °C for 1 h. The uncoated powder however, was 
significantly oxidised soon after preparation. It was shown that the Cu micron 
powder oxidised more with the SAM coating containing shorter hydrocarbon 
chains and/or when aged at higher temperature. The effect of Cu filler oxidation on 
the resistivity of Cu filled ICAs was also investigated. The results indicated that the 
resistivity of the Cu filled ICA does not change significantly with low content of Cu(I) 
and Cu(II) oxide, but a remarkable increase in resistivity will be observed after the 
concentration of Cu(II) oxide species increases beyond 20 at% of all copper oxide 
species [Cu(I) + Cu(II)]. This might demonstrate that the Cu filler used in this 
application can tolerate Cu(I) oxide rather than Cu(II) oxide. It can be concluded 
that for electronic applications, oxidation protection is crucial for replacing Ag with 
Cu, as a cost-effective filler.  
 
The stability of conventionally cured Cu filled ICAs under ambient and 85 °C / 85% 
RH conditions was also investigated. The resistivity of the printed Cu tracks 
increased slightly after 13 months storage under ambient conditions which is 
believed to be due to gradual oxidation of the Cu filler. However, it increased 
sharply after 6 h aging at 85 °C / 85% RH due to serious oxidation of the Cu 
micron particles under these high temperature, high humidity conditions. It is 
obvious that compared to Ag products, the stability of Cu filled ICAs is one of the 
major drawbacks preventing Cu based products from wider commercialisation. 
However, the stability of the Cu filled ICAs can be improved significantly by 
applying a thin layer of conformal coating.  
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Chapter 7  
7. SINTERING OF COPPER NANOPARTICLES  
7.1. Introduction  
The processing and properties of micron sized Cu particles were investigated in 
detail in the earlier chapters. The results have shown the possibility of using Cu 
micron powders as an alternative to Ag in large scale, low cost printed electronics 
applications. In the much smaller scale, i.e. ‘nano’ products, the most widely used 
commercial nano inks are also still based on Ag nanoparticles. In contrast to ICAs, 
in nano inks the conductivity is obtained through sintering rather than curing. 
Sintering allows the nanoparticles to join together forming a network of conductive 
paths (shown in Figure 7-1).  However, the price of Ag makes such materials 
unattractive for the target markets as it is too expensive to promote wider 
developments for low cost commercial applications such as printed electronics. 
Therefore, it is worthwhile to study the properties of Cu nano inks as a possible 
alternative.  
 
 
Figure 7-1 Schematic diagram of sintering of Cu nanoparticles 
 
Two different kinds of printable Cu nano ink / paste were investigated in this study. 
The particle size of the Cu used in this work was 40 nm, which is lower than the 
skin depth of Cu at microwave frequencies. Therefore, it was worthwhile 
investigating microwave interactions with Cu nanoparticles to highlight whether 
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microwave radiation accelerates their sintering. As reported in the literature review, 
microwave sintering has been used to process many metallic materials, including 
Cu, and sintering enhancements have been noticed. Thus, lower processing 
temperature and / or shorter processing time can be achieved by microwave 
processing of nano sized metallic materials.  
 
7.2. Methodology and Experimental Procedures 
7.2.1. Materials  
The chemicals used in this work and their suppliers are shown in Table 7-1. A 
pre-prepared commercial Cu nano ink was obtained and used as-received 
(referred to as “nano ink” in the text). However, the nano ink Cu content was only 
~ 15 wt% and the exact constituents of the nano ink were unknown due to its 
commercial nature. A Cu nano paste with higher Cu loading was therefore 
prepared from dry Cu nanoparticles and solvent as will be described below 
(referred to as “nano paste” in the text).  
 
Table 7-1 Chemicals used and their suppliers  
Chemicals Company 
Cu nano ink  
[~ 40 nm particle size; coated with a polymer;  
Cu content ≈ 15 wt%] 
 
Commercial supplier 
Cu nanoparticles  
(~ 40 nm particle size; coated with oleic acid) 
PlasmaChem GmbH, Berlin, 
Germany  
Decon 90 solution  Decon Laboratories Limited, 
East Sussex, UK  
Ethylene glycol (anhydrous, 99.8%) Sigma-Aldrich, UK  
1-Butanol (anhydrous, 99.8%) Sigma-Aldrich, UK  
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7.2.2. Printing of the Cu nano ink 
The commercial Cu nano ink was used as-received and deposited using K-bar 
printing (shown in Figure 7-2, similar to the Mayer rod mentioned in section 
2.1.3.1). The viscosity of the Cu nano ink was too low for stencil printing, due to 
the relatively low Cu content of only 15 wt%.  
 
 
Figure 7-2 Cu nano ink deposition method  
 
The borosilicate glass substrates were first cleaned using 5% Decon 90 solution 
(10 ml of Decon solution dissolved in 200 ml of deionised water) by soaking 
overnight, then rinsing with deionised water (DI water) and drying. Two droplets of 
Cu nano ink (10 µl per drop) were deposited using a pipette onto the cleaned 
glass surface. A wet thin film 100 µm thick was then created by drawing the K-bar 
along the surface of the glass substrate.  
 
7.2.3. Preparation of Cu nano paste 
A Cu nano paste was prepared from Cu nanoparticles with oleic acid coating. 
These were weighed using the KERN analytical balance and placed into a plastic 
mixing cup. The solvent (ethylene glycol mixed with 1-butanol, mixing volume ratio 
4:1) was added into the plastic mixing cup using a pipette. The typical Cu content 
was 75 wt%. To achieve homogeneous mixing, the paste was mixed using the 
speed mixer at 2000 rpm for 2 min.  
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The homogeneously mixed Cu nano paste was then deposited on to a sintered 
zirconia (ZrO2) substrate by stencil printing (using the procedure shown in Figure 
4-2). These samples were then used for conventional or microwave sintering 
especially at high temperatures. ZrO2 was more suitable for this as the 
borosilicate glass substrate started to bend when the sintering temperature went 
beyond 600 °C.  
 
7.2.4. Sintering of Cu nanoparticles 
7.2.4.1. Conventional sintering of Cu nanoparticles 
A well-sealed high temperature tube furnace with an argon (Ar) inlet and outlet 
was used for conventional sintering of Cu nanoparticles in order to provide an Ar 
atmosphere with low oxygen level. For the commercial Cu nano ink on glass 
substrates, the samples were dwelled for 30 min at 300 °C, 400 °C or 600 °C with 
a 5 K/min heating/cooling rate. This relatively slow heating rate was used to 
reduce micro-cracks due to the difference in the coefficient of thermal expansion 
(CTE) between Cu and glass. For the home made Cu nano paste (75 wt% Cu 
content) on ZrO2 substrates, the samples were dwelled for 60 min at 500 °C, 
600 °C, 700 °C or 800 °C with a 5 K/min heating/cooling rate.  
 
7.2.4.2. Microwave sintering of Cu nanoparticles 
The new design of the microwave system (configuration 2, as shown in Figures 
5-4 & 5-5, with the Al2O3 casket and the secondary susceptor) was used for 
microwave sintering of Cu nanoparticles under an Ar atmosphere. Microwave 
power was manually increased at the start until the desired temperature was 
achieved and the power was then controlled to provide a constant soaking 
temperature. Note that this microwave system configuration 2 could not be used 
beyond 650 °C due to two major reasons. First, the softening temperature of the 
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borosilicate glass vessel is around 650 – 700 °C. Secondly, when local sintering 
occurs, the particle size of Cu powders will increase, due to neck formation, 
beyond the skin depth leading to microwave power reflection. This will cause 
sparking inside the glass vessel, especially at high power outputs, which may 
damage the magnetron. 
 
Temperature measurement of the sample was carried out as described in section 
5.2.2. The typical heating/cooling rate for microwave curing compared to 
conventional sintering of Cu nanoparticles is shown in Figure 7-3. It shows that 
the heating/cooling rate of the conventional tube furnace was much slower than 
the microwave furnace. The examples shown in Figure 7-3 are for sintering of 
nano Cu film (made from the commercial Cu nano ink), for which the processing 
temperature was 400 °C and the dwell time was 30 min for conventional sintering 
and 15 min for microwave sintering. Similar heating/cooling rates were employed 
for other sintering conditions. 
 
For K bar printed nano Cu films (15 wt% Cu content) on glass substrates, the 
samples were dwelled for 15 min at 300 °C, 400 °C and 450 °C in the microwave 
furnace. For stencil printed Cu nano paste (75 wt% Cu content) on ZrO2 
substrates, the samples were dwelled for 30 min at 400 °C, 500 °C and 600 °C.  
 
Chapter 7                                                            Sintering of Copper Nanoparticles 
161 
 
 
Figure 7-3 Temperature-time profile of microwave and conventional sintering of Cu 
nanoparticles (Nano Cu ink film was used as an example) 
 
7.2.4.3. Microwave heating rate of Cu nanoparticles (Without secondary 
susceptor) 
The Cu nano ink was also microwave heated without the ZnO plate and SiC rods 
(secondary susceptors) to ensure that the Cu nano ink was the only item available 
to couple with the microwaves. In this case, two droplets of the commercial Cu 
nano ink (total volume of 20 µl) were deposited onto a clean borosilicate glass 
substrate using a pipette. The samples were then heated directly using a constant 
microwave output (100 W). The heating rate was monitored to investigate any 
direct microwave absorption.  
 
7.2.5. Characterisation methods 
The primary particle size of Cu nanoparticles coated with oleic acid was measured 
by transmission electron microscopy (TEM). The Cu nanoparticles (less than 0.5 g) 
Chapter 7                                                            Sintering of Copper Nanoparticles 
162 
 
were mixed with isopropanol (IPA, ~ 30 ml) and dispersed using ultrasound for 
30 min before the analysis. One or two drops of the solution were dropped on a 
Cu grid. The sample was dried and then loaded on the TEM holder for testing.  
 
Using the procedures described in chapters 3, 4 & 5, resistivity measurement and 
microstructure analysis using FEG-SEM were also performed.  
 
7.3. Results 
7.3.1. Nano Cu film 
7.3.1.1. Microstructure of nano Cu film 
FEG-SEM was used to analyse the microstructure of K-bar printed nano Cu films 
on borosilicate glass substrates. Figure 7-4 shows the microstructures of the 
samples after conventional or microwave sintering for the chosen sintering 
conditions. All images were taken at the same magnification and show the top 
surface of the sample.  
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Figure 7-4 FEG-SEM images of nano Cu film sintered at (a) 300 °C-30 min conventional; (b) 
400 °C-30 min conventional; (c) 600 °C-30 min conventional; (d) 300 °C-15 min microwave; (e) 
400 °C-15 min microwave; (f) 450 °C-15 min microwave  
 
Figure 7-4 shows there is no significant difference when the nano Cu film was 
conventionally sintered at 300 °C and 400 °C while significant grain growth can be 
observed when conventionally sintered at 600 °C for 30 min. When microwave 
sintering was used for 15 min, grain growth could be observed even at 300 °C 
[compare Figure 7-4 (d) with Figure 7-4 (a)]. In addition, a denser microstructure 
of the microwave sintered samples can be seen compared to conventionally 
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sintered samples at the same temperature [e.g. compare Figure 7-4 (e) with 
Figure 7-4 (b)].  
 
Unfortunately, the resistivity of the sintered nano Cu film could not be measured 
by the 4-point probe method (to measure the sheet resistance) due to visible 
cracks found on the surface of the sintered film that were probably caused by 
shrinkage and the significant difference in CTE between the film and substrate. As 
a result, pastes of greater Cu content were prepared for making subsequent 
printed tracks.  
 
7.3.1.2. Microwave absorption of 40 nm Cu nanoparticles (Without 
secondary susceptor) 
Previous research [152] reported that the skin depth of Cu is ~ 1.3 µm at 2.45 GHz. 
The nano Cu film was therefore expected to contribute to the heat generation 
significantly due to the average particle size (~ 40 nm) being smaller than the skin 
depth.  
 
Figure 7-5 shows the temperature of a nano ink droplet on the glass substrate and 
the glass substrate as a function of time for a constant microwave power output. It 
clearly shows that the microwave heating rate of the Cu nano ink was much faster 
than the glass substrate, indicating that the microwave absorption was more 
obvious for the Cu nanoparticles, thus suggesting that the Cu nanoparticles did 
contribute to the heat generation.  
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Figure 7-5 Microwave heating rate of the Cu nano ink and the borosilicate glass substrate 
 
7.3.2. Cu nano paste 
7.3.2.1. Particle size measurement of oleic acid coated Cu nanoparticles 
The particle size of the oleic acid coated Cu nano dry powder was measured 
directly using electron microscopes (both FEG-SEM and TEM). The images are 
shown in Figure 7-6. It was found that the individual nanoparticle size was in 
agreement with particle size data provided by the original manufacturer. However, 
agglomerations were commonly observed in the microstructure. A laser diffraction 
particle size analyser (Malvern Mastersizer-2000) could not provide reliable data, 
probably because it measured the size of these agglomerations rather than the 
individual Cu nanoparticles.  
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Figure 7-6 Images of Cu nanoparticles with oleic acid coating (a) FEG-SEM; (b) TEM  
 
7.3.2.2. Conventional and microwave sintering of printed Cu nano paste 
Images of conventional and microwave sintered Cu nano paste tracks under 
different sintering conditions are shown in Figure 7-7. It is clear in Figure 7-7 that 
the colour of the printed Cu nano paste gradually changed from purely black to Cu 
metal colour with increasing sintering temperature. The conventionally sintered 
samples show significant shiny metal colour beyond 600 °C. The microwave 
sintered samples show similar colour at 600 °C, but with only 50% of the 
processing time.  
 
In addition, significant volume shrinkage along the sintered samples and cracks 
on the track surface were commonly observed on both conventionally or 
microwave sintered samples, especially at the higher sintering temperatures. The 
extent of shrinkage can be observed by the dark residue left at both ends of the 
tracks which indicates the original deposit size. Cracks may be due to the poor 
adhesion and significant difference in CTE between Cu and sintered ZrO2 
substrate. Microwave sintering was not carried out beyond 600 °C due to the risk 
of sparking in the microwave furnace.  
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Figure 7-7 Images of printed Cu nano paste tracks on ZrO2 substrate following conventional 
or microwave sintering 
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7.3.2.3. Resistivity of Cu nano paste  
The resistivity of the conventionally and microwave sintered Cu nano paste tracks 
were measured using the 4-point probe method. As cracks were commonly 
observed along the tracks, the measurements were taken with great care to avoid 
broken areas. The longest fragment from each sintered track with different 
sintering conditions was used for the 4-point probe measurement. The shape of 
the cross-section area of these sintered fragments was irregular. For the purposes 
of calculating resistivity, it was assumed to be the same as the cross-section area 
of the stencil (shown in section 4.2.5). Due to shrinkage and porosity in the 
samples, the true cross-sectional area is likely to be lower and therefore the 
values presented are thought to be higher than the actual resistivity. The length of 
the fragments was measured for the resistivity calculation. The results are plotted 
in Figure 7-8 (an average of typically 4 to 6 Cu tracks for each sintering method). 
Note that the samples microwave sintered at 400 °C-30 min were all open circuit 
as the tracks were extremely fragile and did not survive 4-point probe 
measurement.  
 
Figure 7-8 Resistivity of conventional and microwave sintered Cu nano paste tracks  
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It is clear that for both conventional and microwave sintered Cu nano paste, the 
resistivity decreased with increasing sintering temperature. For any chosen 
sintering temperature, microwave sintered samples always showed lower 
resistivity compared to conventionally sintered samples, while similar resistivity 
was achieved for microwave treated samples but at temperatures more than 
100 °C lower than those used for conventionally heated tracks. The lowest 
resistivity measured (from the conventionally sintered samples at 700 °C-60 min, 
800 °C-60 min and microwave sintered samples at 600 °C-30 min) was 
~ 10×10-6 Ω·cm which is ~ 10 times higher than pure Cu (1.67×10-6 Ω·cm) [236].  
 
7.3.2.4. Microstructure of Cu nano paste  
FEG-SEM was used to analyse the microstructure of the Cu nano paste sintered 
at different temperatures. Figure 7-9 provides the microstructures for conventional 
sintering. The magnification of Figure 7-9 (a) was higher than the others due to the 
significant grain growth that took place during sintering at 600 °C and above.  
 
The average particle size of the as-received Cu nano dry powder was ~ 40 nm. In 
Figure 7-9 (a), it is clear that the average particle size had increased to 200 – 300 
nm. Significant grain growth and interparticle neck formation can be observed 
when the sintering temperature reached 600 °C. Sintered Cu particles with a 
dense microstructure can be achieved at 700 °C. As the sintering temperature 
reached 800 °C, a dense microstructure accompanied with a grain morphology 
change from rounded to angular can be observed. The change in grain 
morphology was also investigated by Yeadon et al [237], who demonstrated that 
the grain reorientation of copper nanoparticles (with a particle size between 4 – 
20 nm) occurred when annealing at 500 °C. Hse et al [238] reported for low 
temperature sintering of nano crystalline CIGS (CuIn0.7Ga0.3Se2) samples that 
grain growth accompanied with grain morphology change occurred at 500 °C-3 h.  
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Figure 7-9 FEG-SEM images of Cu nano paste conventionally sintered at (a) 500 °C-60 min; 
(b) 600 °C-60 min; (c) 700 °C-60 min and (d) 800 °C-60 min 
 
The microstructure of microwave sintered Cu nano paste for the different sintering 
conditions is given in Figure 7-10. The magnification of Figure 7-10 (c) was lower 
than the rest due to the significant grain growth that occurred during sintering at 
600 °C.  
 
Compared to the microstructure of the 40 nm as-received powders shown in 
Figure 7-6, it is clear that grain growth occurred at 400 °C and interparticle 
necking can be observed when the sintering temperature reached 500 °C. 
Significant grain growth and a dense microstructure can be observed when the 
sintering temperature reached 600 °C. Compared to the conventionally sintered 
Cu nano paste, the microwave sintered samples show similar microstructure but 
for a more than 100 °C lower sintering temperature and 50% shorter processing 
time.  
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Figure 7-10 FEG-SEM images of Cu nano paste microwave sintered at (a) 400 °C-30 min; (b) 
500 °C-30 min and (c) 600 °C-30 min 
 
7.4. Discussion 
Based on the theory presented in chapter 5, it was shown that for Cu, the upper 
limit to the thickness of the metal which can be heated significantly using 
microwaves (at a frequency of 2.45 GHz) is ~ 1.3 µm. In agreement with this, the 
microwave heating of Cu particles with ~ 10 µm average particle size was shown 
to be low in Figure 5-15 and discussed in chapter 5. However, from Figure 7-5, it is 
evident that the microwave heating rate of a Cu nano ink with 40 nm particle size 
was much faster than the borosilicate glass substrate (Pyrex, generally 
considered as a microwave transparent material). This therefore supports the 
theory that Cu particles smaller than 1.3 µm can significantly absorb microwaves.  
 
However, the Cu nano ink was provided by a commercial supplier and the Cu 
content was only ~ 15 wt%. As the exact constituents of the commercial Cu nano 
Chapter 7                                                            Sintering of Copper Nanoparticles 
172 
 
ink were unknown due to its commercial nature, it was also possible that the heat 
generation from the solvent or other constituents could have provided some 
contribution to the microwave absorption of the Cu nano inks. Unfortunately, it was 
almost impossible to heat dry Cu nano powder using the microwave systems 
(both configuration 1 & 2) as it was dislodged by the continuous Ar flow. A Cu nano 
paste was therefore prepared which contained Cu nanoparticles mixed with 
ethylene glycol and 1-butanol. Previous studies have shown that the dipole 
moment of ethylene glycol is 6.7×10-30 C·m and 1-butanol is 5.5×10-30 C·m [239]. 
Both these values are lower than that for the epoxide group (7.6×10-30 C·m), 
which did not absorb microwaves very effectively as part of the adhesive 
components compared to the amine groups as discussed in section 5.4. In 
addition, the lowest sintering temperature chosen was 300 °C, which is higher 
than the boiling points of ethylene glycol and 1-butanol. Therefore, any heat 
generation from the solvent part was expected to be minor.  
 
For the Cu nano ink, the microstructures of the low temperature conventionally 
sintered samples [Figure 7-4 (a) and Figure 7-4 (b)] are similar to the 
microstructure reported by Haque et al [240] who sintered Cu nano inks (~ 100 nm 
in size, ~ 10wt% Cu content) at 350 °C for 4 h under an Ar atmosphere. The 
FEG-SEM images also show that compared to conventionally sintered samples, a 
denser microstructure and more significant grain growth can be observed for 
microwave sintered samples at the same sintering temperature. Ma et al [177] 
speculated that this could be due to the local temperature between the Cu 
particles, which was much higher than the measured bulk surface temperature 
during microwave heating. For conventional heating however, the temperature is 
uniform throughout the sample and the surface temperature was indeed an 
indicator of the local temperature between the Cu particles. Therefore, it may be 
possible that the higher local temperature between particles during microwave 
heating led to larger grains and a denser microstructure, even when the measured 
temperatures were similar or lower compared to conventional heating.  
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For Cu nano paste, a lower sintering temperature (more than 100 °C lower) and 
shorter processing time (50%) were achieved using microwaves compared to 
conventionally sintered samples and with a similar level of densification apparent 
in the microstructure. Previous research also showed that sintering of Cu particles 
can be accelerated by using microwaves. Sheinberg et al [200] successfully 
sintered compacted Cu powders with a particle size of 1 µm at 650 °C: this was 
only ~ 50 °C higher compared to the microwave sintering temperature of the same 
study. This small difference between conventional and microwave sintering 
temperature can be attributed to the larger particle size compared to the more 
substantial difference in sintering temperature obtained here for the Cu 
nanoparticles. Researchers from Penn State University [205] reported that higher 
densification and a finer microstructure for compacted Cu nanoparticles with an 
initial particle size of 52 nm was achieved using microwaves compared to 
conventional sintering due to the rapid heating rates (25 – 50 °C / min) involved in 
the microwave process. A similar heating rate was achieved in this research 
(shown in Figure 7-3). The results also agree with Mondal et al [207] who claimed 
that Cu powders with smaller particle size interact more effectively with 
microwaves and are therefore heated more rapidly.  
 
Higher densification of the sintered Cu nano paste (Figure 7-9 and Figure 7-10) 
was observed compared to the sintered Cu nano ink (Figure 7-4). This is probably 
due to the higher sintering temperatures as well as the longer sintering times that 
were used in the processing of the Cu nano paste. Also, the Cu content of the 
nano ink (~ 15 wt%) is much lower compared to the Cu content of the nano paste 
(~ 75 wt%). The solvent is expected to evaporate during sintering and when the 
Cu content is high (e.g. 75 wt%), it is likely that many of the Cu nanoparticles were 
located very close or even in contact with each other prior to sintering.  
 
The resistivity of the sintered Cu nanoparticles was ~ 10 times higher than that of 
bulk Cu. While this is acceptable for many applications, further research is needed 
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to improve the conductivity of the sintered Cu nano tracks. In addition, the 
sintering temperature of the Cu nano paste made in this study (~ 600 °C) is still 
not appropriate for the polymeric substrates used within the printed electronics 
industry. Furthermore, the electrical properties of sintered Cu nanoparticles were 
difficult to measure because visible cracks could be found on the surface of the 
sintered samples and the poor adhesion between the sintered Cu tracks and the 
substrate led to failure during measurement. Obviously, more fundamental studies 
in rheology, adhesion and chemical formulation of printable Cu nano inks need to 
be performed because understanding of these physical and chemical behaviours 
is crucial for printed electronics industries.  
 
7.5. Conclusions 
Two kinds of Cu nanoparticles were sintered using conventional and microwave 
methods under different sintering conditions. The microstructures before and after 
sintering were investigated. It is evident that compared to conventional sintering, 
similar microstructure, i.e. densification can be achieved by using microwaves at a 
lower sintering temperature (more than 100 °C lower) and shorter processing time 
(50% less). The results agree with the microwave absorption measurements 
which showed that 40 nm Cu nanoparticles can be heated up directly by 
microwaves and further accelerate the sintering process due to their particle size 
which is smaller than the skin depth of Cu.  
 
The results of 4-point probe tests showed that the resistivity of conventionally 
sintered Cu nano paste at 700 °C-60 min and 800 °C-60 min was similar 
compared to microwave sintered samples at 600 °C-30 min. Microwave sintering 
provided similar conductivity to conventionally cured samples at higher 
temperatures. Despite the fact that microwave processing can reduce the 
manufacturing cost of fabrication of conductive tracks using Cu nanoparticles, 
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more research needs to be performed to investigate dispersion of Cu 
nanoparticles, rheology of Cu nano inks and adhesion of printed Cu tracks with 
substrates. In addition, the sintering temperature still needs to be significantly 
reduced if low cost, temperature sensitive substrates are to be used.  
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Chapter 8  
8. OVERALL CONCLUSIONS  
The aim of this research was to investigate the electrical performance of both Cu 
filled ICAs and Cu nano inks as well as compare and contrast conventional and 
microwave processing of these materials. Overall, the intended objectives set out 
in Chapter 1 were met in this project. High quality micron size Cu powders with 
negligible oxygen content were obtained using a functionalisation procedure. The 
initial oxidation layer on the as-received Cu powder was removed by a highly 
effective etching process and an ODT SAM was then successfully applied on the 
surface of the Cu particles from an ethanol based solution. Oxidation resistance of 
the Cu particles was enabled by this thin SAM coating. The oxide free particles 
were then used as the metal filler for Cu filled ICAs.  
 
To further investigate the oxidation resistance of the SAM coatings and their effect 
on conductivity, two kinds of thiol based SAM coating with different hydrocarbon 
chain length were applied on the Cu micron powders. The XPS spectra of ODT 
coated powder, OT coated powder and uncoated powder were obtained after 
thermal aging under different conditions. It was shown that with the SAM coating 
containing shorter hydrocarbon chains and/or aged at higher temperature, more 
severe oxidation occurred. The effect of Cu filler oxidation on the resistivity of Cu 
loaded ICAs demonstrated that the Cu filler used in this application can tolerate 
Cu(I) oxide rather than Cu(II) oxide probably due to the intrinsic semi-conductive 
nature of Cu(I) oxide whereas Cu(II) oxide is an insulator. 
 
The feasibility of using conventional and microwave heating for curing different Cu 
filled ICAs was investigated. Two kinds of electrically non-conductive adhesives 
were used as the base medium to compare and contrast the differences in heating 
rate between conventional and microwave curing. Resistivity measurements 
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indicated that for ICAs prepared using an amine cured resin (paste A), a shorter 
processing time and lower curing temperature could be achieved by using 
microwaves without compromising the electrical performance. This was supported 
by the DSC results which indicated that resin A can be cured much faster by 
microwaves. More importantly, the lowest achieved resistivity of the Cu loaded 
ICAs was found to be comparable with a commercial Ag filled ICA. However, for 
ICAs based on an imidazole cured resin (paste B), the curing rate and resistivity 
difference between samples using microwave and conventional heating was 
negligible. Based on the chemistry of the resin systems, it was concluded that the 
epoxide-amine reactions could be accelerated by microwaves but not the 
epoxide-imidazole reaction.  
 
To help understand the conduction mechanism in ICAs, FEG-SEM images, TGA 
and metrology measurements were carried out. These showed that for paste A, 
there was a significant resin weight loss, leading to a reduction in the 
cross-sectional area of the printed tracks and an apparent increase in the number 
of Cu particles identifiable at the surface of the sample. For paste A, the volume 
shrinkage of the polymer matrix suggested a possible driving force to push the Cu 
micron particles together to create possible electrical paths. However, the volume 
shrinkage was much smaller for paste B. Therefore, volume shrinkage of the 
polymer matrix was not the only factor determining conduction for the ICAs. 
Another possible explanation is that for both pastes, when the Cu content is above 
the percolation threshold, the degradation of the protective ODT coating on the Cu 
powder during curing at elevated temperatures provided the possibility of 
metal-metal contact between the Cu particles leading to good electrical 
conductivity after cure.  
 
The resistivity of conventionally cured Cu filled ICAs (paste A and B) tested at 
85 °C / 85% RH showed that, compared to Ag products, the stability of Cu filled 
ICAs is one of the major drawbacks which can prevent the Cu products from 
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commercialisation. The results of the initial conformal coating trials show that 
significant improvement in the resistivity stability of Cu filled ICAs at 85 °C / 85% 
RH can be achieved.  
 
The influence of Cu particle size on the microwave curing was also considered. 
The particle size was reduced by two orders of magnitude from micrometres to 
tens of nanometres. Two kinds of Cu nano inks with the same particle size but 
different Cu content were sintered using conventional and microwave methods 
under different sintering conditions. It was evident that, compared to conventional 
sintering, similar microstructure (i.e. level of densification) could be achieved by 
using microwaves at lower sintering temperature (more than 100 °C lower) and 
shorter processing time (50% less).  
 
From this research, it can be concluded that the lower curing temperature and / or 
shorter processing time requirements of the microwave process can open up the 
possibility of fabricating micron sized Cu filled ICAs on low cost, flexible, plastic 
substrates, and can also lead to significant time savings during manufacture. 
However, for Cu nano inks, although the sintering temperature can be reduced 
with microwaves, it is still very much higher than the melting (processing) 
temperature of the most cost-effective plastic materials.  
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Chapter 9  
9. FUTURE WORK  
For the Cu filled ICAs, it was demonstrated that the volume shrinkage of the 
polymer matrix and / or decomposition / desorption of the SAM coating on the Cu 
surface during curing leads to the improvement of conductivity. The movement of 
the Cu micron particles and the rheology of the polymer matrix need to be 
monitored during the curing stages. This may provide further evidence for the 
conduction mechanism and explain the reason for ICAs to be insulating before 
curing and to become conductive after curing. In addition, compared to a 
commercial Ag filled ICA, the 85 °C / 85% RH results of the Cu filled ICAs are not 
satisfactory. The electrical stability of Cu filled ICAs still need to be improved and 
therefore, suitable conformal coatings on the cured Cu tracks should be applied to 
improve the electrical stability of Cu filled ICAs.  
 
Two kinds of alkanethiolate SAMs with different hydrocarbon chain length were 
coated on the Cu particle surface and showed a difference in oxidation resistance. 
The desorption / decomposition temperatures of alkanethiolate SAMs associated 
with different hydrocarbon chain length need to be investigated. It would also be 
useful to investigate the interactions between epoxy resins and different kinds of 
thiol molecules with various functional groups other than methyl (e.g. carboxyl or 
amino groups). The physical and chemical properties of the surface of the Cu 
micron particles will vary depending on the end group of the thiol molecules. The 
change of interactions between the SAM coated Cu micron particles and epoxy 
resins may also affect the local conduction mechanism of the Cu filled ICAs.  
 
Due to the complex solvent base of the commercial ink-jet printable Cu nano ink, a 
simple, homemade Cu nano paste was used to investigate the sintering kinetics of 
the Cu nanoparticles. The results show that more work needs to be done to not 
Chapter 9                                                                              Future work 
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only improve the adhesion of such printed Cu tracks to substrates, but to 
overcome difference in CTEs as well. Ink-jet printing is the most widely used 
deposition method to provide well-designed PCB tracks using metal nano inks in 
printed electronics industries. Therefore, the printing behaviours of the nano inks, 
including dispersion of Cu nanoparticles and rheology of Cu nano inks needs to 
be studied in further detail. This research showed that the sintering temperatures 
of the Cu nano inks were still much higher than the processing temperature of 
most plastic substrates. One possible solution is when the particle size of Cu 
nanoparticles is only few nanometres (less than 10 nm), the sintering temperature 
can be reduced significantly and may be tolerable to some plastic substrates. 
 
The SAM coatings which were used to protect the Cu micron particles can also be 
applied on the Cu nanoparticles. Literature reported (section 2.1.1.2) that the total 
amount of thiol molecules needed may increase significantly compared to SAM 
coating on Cu micron particles, due to the dramatic change in surface morphology 
and surface area. Also, the effect of changing the Cu nano ink formulation such as 
varying particle size and Cu content on the conventional or microwave sintering 
behaviour needs to be investigated.  
 
The printing substrate is another key factor in electronics manufacturing. One of 
the major requirements cited by the printed electronics industry is directly writing 
the conductive patterns onto rigid or flexible polymer substrates. For the Cu nano 
inks studied in this project, the sintering temperature still needs to be reduced and 
the characteristics of different substrates during conventional and microwave 
sintering also need to be evaluated.  
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